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ABSTRACT

Author: Lindsay, Amelia, M., MSE
Institution: Purdue University
Degree Received: May 2018
Title: CAN-Based Forage Yield Monitoring
Major Professor: Dennis Buckmaster.
The objectives of this research were to collect and parse CAN, topography, timing, and path
data for forage operations leading to individual cylindrical round bales with highest possible
accuracy for subsequent analysis, to analyze fuel consumption rate and engine load data to
ascertain loading differences which could reflect baler consumption rate, and to determine the
possible resolution extent of forage yield maps generated without load cells or specific baler
instrumentation.
An ISOBlue unit (open-source telematics) was used to record CAN messages pertaining to
baling of large round bales which included time, Global Positioning System (GPS) Coordinates
(hence speed), fuel consumption rate, engine load, and engine speed. The change in power
requirement (a combination of PTO load, rolling resistance, and elevation change) was used to
infer the rate of forage accumulation across the field. Post-processing of the data also included
analysis of elevation data which was obtained from the CKT Tracker App.
The data was processed using Matrix Laboratory (MATLAB), ArcMap, and MS Excel.
MATLAB was used for operations such as data alignment, calculation of slope between elevation
points, and calculation of change in power requirement. ArcMap was used for operations such as
locating each bale, splitting the complete dataset into a dataset for each bale, and joining the baling,
no-PTO load, and elevation datasets together based on spatial location. Of the ten test bales
produced, an increase in power requirement due to increased accumulation of mass in the baling
chamber was only visible for three of the bales. Within the datasets of these three bales, the
increase in power requirement was not consistent enough to determine the yield of the crop across
the field, given the data collected.
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CHAPTER 1.

1.1

INTRODUCTION

Need for Efficiency
Efficiency in agriculture is becoming increasingly important as the population of the world

increases and the amount of available land for agricultural practices decreases. There are a number
of ways the agricultural and biological engineering industries are working to improve upon the
current agricultural production. Biological engineers are working to develop better crops through
means such as genetic modification, while agricultural engineers are working to develop methods
and equipment that improve upon the crop management efficiency. Automation, precision
agriculture, internet of things, open source, and big data are all currently "trending" topics in the
agricultural engineering world with regards to improvements in efficiency and effectiveness. Each
technology is able to provide additional insight, ability, and optimization to the current systems in
use.

1.2

Open Source Efficiency Solutions
The function of agricultural equipment today incorporates the use of electronics. These

electronic components communicate amongst each other over the Controller Area Network (CAN).
It is possible to collect the messages, or data, from the CAN, and use that data for analysis on the
vehicle and the operations the vehicle has performed. A tool developed by the Yang Wang (2017)
and the Purdue Open Agriculture Technology and Systems (OATS) group, called the ISOBlue2.0,
is an open-source, low-cost tool that collects CAN messages from the ISOBUS of agricultural
vehicles and sends those messages to the Cloud via cellular connection. This tool is a great
resource for growers and operators to collect their equipment data, however they may not know
what to do with the data they have collected.
A tool that is not open source that’s use is becoming a common practice among most
agricultural cropping operations is a yield monitor. The development of yield monitors has been
a part of the industry’s movement towards precision agriculture (PA), as discussed by Zhang et al.
(2002) Yield monitoring provides the grower with the potential insight into an increased efficiency
in crop production, however yield monitoring can be costly. An example of a yield monitoring
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system would be the Precision Planting YieldSense yield monitoring system, which requires the
yield monitor kit at a cost of $3,625 to $4,925, the “20/20 Display Kit” at a cost of $4,450, the
Field View Base Kit at a cost of $950 (Wolf Ag), and an Apple iPad at a cost of $329 (Apple Inc.).
The estimated total cost for the YieldSense yield monitoring system was approximately $9,350 to
$10,650. Other yield monitoring systems available on the market include but are not limited to
Trimble’s Harvest Solution (Trimble, 2012), John Deere’s ActiveYield™ (John Deere, 2015), and
TOPCON’s YieldTrakk (TOPCON, 2015). These yield monitoring tools needed to collect data are
relatively expensive, and the processing of that yield data can also cost resources and time.
Yield monitoring occurs throughout the harvesting process of the crop. Typically, when
forage is harvested, the typical process includes the accumulation of crop in an implement chamber
that is pulled behind an agricultural vehicle. As the crop accumulates in the chamber, the vehicle
pulling the implement is required to provide an increased amount of power to continue the same
travel speed and functional operations. There seems to be potential to use the dependency of the
power requirement of the vehicle on the yield of crop accumulated to determine the yield of a crop.
The power requirement of the vehicle can be estimated from the vehicle fuel consumption rate, a
message that is communicated across the ISOBUS; alternatively, the percent engine loading (also
a message communicated across the ISOBUS) could reflect power requirement changes. Any CAN
enabled logger could collect these messages; the ISOBlue2.0 (Wang et al. 2017) would provide an
open-source, low-cost solution to enable yield estimation and hence could add insight and
efficiency to crop production in agriculture.
This lead to the objectives of this work. They are as follows:
(1) Collect and parse CAN, topography, timing, and path data for forage operations, leading
to the production of individual round bales, with the highest possible accuracy for
subsequent analysis,
(2) Analyze the fuel consumption rate and engine loading data to ascertain loading differences
which could reflect baler consumption over an area, and therefore yield of the crop, and
(3) Determine the possible resolution extent of the forage yield maps generated without the
use of load cells or specific baler instrumentation.
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CHAPTER 2.

2.1
2.1.1

LITERATURE AND STATE OF THE ART REVIEW

Controller Area Network
History of the Controller Area Network
As agricultural equipment developed to incorporate electronic components, there was a need

for a way in which to control those electronic components. As described by Goering et al. (2003),
providing the electronic components within a vehicle the ability to communicate amongst each
other was important for the optimal coordination of components, and therefore optimal operation
of that vehicle. This led to the development of a serial control and communications network, also
referred to as the ISOBUS, and Controller Area Network (CAN). The ISOBUS is a CAN Bus that
complies with the ISO standard. Goering continues by describing the development and
implementation of ISOBUS and CAN. As stated by Davis et al. (2007), Robert Bosch developed
CAN in 1991 as a comparatively low-cost solution that greatly improved upon the abilities of the
vehicles to function. After the initial development of the CAN bus, various companies had
developed their own models and methods for implementing CAN into their vehicles. Because of
the need for communication between components developed by different manufacturers, as well
as between implements and vehicles produced by different manufacturers, standardization of CAN
functionality was important. This led to the development of the SAE J1939 standard. It was
implemented to standardize the component to component communication for both on-road and
off-road vehicles. The implement to tractor level communication standard was developed as the
German DIN 9684 standard, with regard to the connection of two CAN buses. From these two
standards, an international standard, ISO 11783 (International Organization for Standardization,
2017), was developed to provide a comprehensive communication standard for agricultural
vehicles and implements that would be partnered with the vehicles. This standard has been updated
over time as the needs of the industry have developed. These standards focus on the understanding
of proprietary networks. (Goering et al. 2003)
2.1.2

Hardware Included
The network for communication among connected vehicles and implements follows the SAE

J1939 and ISO 11783 standards. Further described by Goering, there is a "twisted quad cabling
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system" that incorporates wires for (1) CAN High (CAN_H), (2) CAN low (CAN_L), and (3 and
4) terminating bias circuit providing power (TBC_PWR and TBC_RTN). The quad cables run
throughout the tractor and implement, but have three standard connectors. These three standard
connectors are the bus breakaway, diagnostics, and bus in-cab connectors. Part 2 of the ISO 11783
standard specifies a bit rate of 250 K bit/s for the bit rate of the data. The ISO 11783 standard
defines a standard diagnostic connector allowed for a standard connection which would generally
be used for proprietary software to diagnose/troubleshoot machinery (Goering et al. 2003); this
same connector port, though, also provides an opportunity to log data.
2.1.3

Parameter Group Numbers and Messages

Providing the ability for electronics to communicate with each other, the CAN Bus includes
a pair of wires that is shared amongst the electronic controller units (ECU). Stone (1999) described
the messaging operations and parameter group messages in the following way. These wires are
the CAN_H and CAN_L wires as mentioned previously in the twisted quad cabling. A dominant
message would be received over a recessive message. A dominant message is identified when the
difference between CAN_H and CAN_L is greater than a defined voltage. (Stone et al., 1999)
Messages are sent along the bus, with the first portion, or bits, of the message being the identifier,
and the second portion containing the message. Stone further discusses the structure of the
messages that are shared across the IOSBUS. The identifier of the message is 29 bits in length
and the interpretation is defined by ISO 11783. There are two types of data structures defined, and
are also referred to as protocol data units (PDU). The difference between Type 1 and Type 2
identifiers is that the Type 1 identifier contains a destination address, as can be viewed in Figure
2.1. When the destination address is provided, the message is sent to a specific ECU. Additionally,
a parameter group number (PGN) is included in the identifier to specify the unique parameter
group of the data. This can also be viewed in Figure 2.1. (Stone et al. 1999)

5

Figure 2-1. Type 1 and Type 2 Identifiers and Identifier Descriptions
Source: Stone, Marvin L. et al. ISO 11783: An Electronic Communications Protocol for Agricultural Equipment.
American Society of Agricultural Engineers, 1999.

2.2
2.2.1

ISOBlue2.0
Purpose of ISOBlue2.0 Development
As previously mentioned, the ISO 11783 voluntary standard has resulted in nearly every

modern vehicle having a diagnostic port for the serial control and communications. This ISOBUS
diagnostic port allows for the ability to receive and collect the data that is being shared across the
ISOBUS. Since many of these messages are standard (in order to improve system design and
operations), this same port becomes a data source. There has been a tool developed by the Purdue
University Open Agriculture Technology and Systems group that may be connected into the
ISOBUS diagnostic port to receive and collect the data that is being shared. As described by Wang
et al. (2017), this tool is called the ISOBlue2.0. An early version by Layton et al. (2014) required
a mobile device for data transfer to the cloud. The second version, used in this research, allows for
the transfer directly to the cloud for processing via 4G cellular network. This removes the
responsibility of an operator to collect the data on a storage device and transfer that data to the
appropriate software after performing field operations. ISOBlue2.0 allows for real time access to
data provided by the vehicle and the implement.
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2.2.2

ISOBlue2.0 Hardware
ISOBlue2.0 was developed with functionality and cost in mind, as well as the ease of

assembling, deployment, and use. As discussed by Wang et al. (2017) ISOBlue2.0 uses the
Toradex Apalis iMX6 model in combination with the Toradex Ixora Carrier Board to run
Angstrom Linux, a lightweight operation system. The full bill of materials provided by Wang for
ISOBlue2.0 can be found in Appendix A. For real time data transfer, ISOBlue2.0 uses a Long
Term Evolution (LTE) cellular connection to transfer the data from the device to the
cloud. Additionally, there is a GPS module connected to the ISOBlue2.0, to provide accurate
positioning data for when the vehicle does not provide its own positioning data.
2.2.3

ISOBlue2.0 Software
Further described by Wang et al. (2017), ISOBlue2.0 uses Apache Kafka to build real time

data streaming (Apache Kafka), as well as Apache Storm to process the data streams real-time
(Apache Storm) as the main software for operation. The device uses this software to collect the
CAN frames, GPS, etc. from the vehicle and attached GPS module. As described by Wang et al.
(2017), when tested, the ISOBlue2.0 begins by collecting the CAN frames and GPS data as
mentioned previously. The datasets are then brokered by the Kafka broker. The broker permits
one set of topics to be stored on the 500 GB Solid State Drive (SSD), and the other set of topics to
be mirrored to the cloud with the Kafka Mirror Maker.
2.2.4

ISOBlue2.0 Operation

As previously mentioned, ISOBlue2.0 was developed with farming operations in mind for
both deployment and operations. The vehicle can remain on
throughout the setup process, however the vehicle should
remain stationary. Figure 2.2 is an image of an ISOBlue2.0
device. Before connecting the assembled ISOBlue2.0 with the
ISOBUS diagnostic port on the vehicle, the GPS module is
connected to the USB adapter on the ISOBlue2.0. The seal is
then twisted closed to ensure the USB connection of the GPS
module. Next, GPS module and ISOBlue2.0 are placed in a
location within the vehicle that would be stationary but would Figure 2-2. ISOBlue2.0 Device to note
antenna orientation.
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also provide a relatively good “sky-view” for both devices. A
positioning example for the ISOBlue2.0 and GPS module
within a vehicle can be viewed in Figure 2.3. After connecting
the GPS module to the
ISOBlue2.0,
female

the

adapter

ISOBUS
on

the

ISOBlue2.0 is then connected
to the ISOBUS diagnostic

Figure 2-3. ISOBlue2.0 and GPS
Module Positioning within a
Vehicle.

port of the vehicle. There is an
available web application that can provide confirmation that
ISOBlue2.0 is connected with and transferring data to the Cloud.
Where Is My ISOBlue is this web application, which can be
found at the URL http://wheres-my-isoblue.oatsgroup.org/, that
provides a satellite image of the area in which the vehicle is
operating as well as the path the vehicle has previously traveled,
using the GPS coordinates provided by the GPS module. An
Figure 2-4. Screen capture of
“Where’s My ISOBlue” web browser
on IOS device

2.3
2.3.1

example of the Where Is My ISOBlue web browser display can
be viewed in Figure 2.4.

Hay and Forage Processing
Hay and Forage Introduction
While some agricultural crops are grown with the intention of being directly consumed by

humans, other crops are grown with the intention of being fed to livestock. Hay and forage are
typically machine harvested crops that are produced with the intention of later being fed to
livestock. As described by Srivastava et al. (2006), these crops are often field dried, or stored and
fermented in bins, bags, etc. Hay that is harvested is typically dried to approximately 15-25%
moisture, while other forages are harvested at a moisture of 50-65%. Hay is a nutritional source
of protein and fiber for livestock, but it must be harvested in the proper growth stage and in an
effective manner, in order to prevent losses of the nutritional value. Once the crop has reached the
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appropriate growth stage, moisture, etc., appropriate harvesting equipment must be used for the
effective harvesting of the crop.
2.3.2

Harvesting and Processing Methods
As described by Srivastava et al. (2006), often times, an implement known as a mower-

conditioner is used to both cut the hay or forage at an appropriate length, and also condition the
crop with rollers or flails. The mower-conditioner is pulled through the field behind a tractor, and
lays the crop down in either a swath or a windrow. Swaths are useful for areas in which it is more
difficult to dry the crop, whereas the mower-conditioners that lay the crop in a windrow would be
more useful in dry, arid regions, where crop drying occurs rapidly.
After the crop is mowed and laid into swaths, it is a common practice to use a tedder to
further spread out the crop for aid in the drying process, as described by Srivastava et al. (2006).
A tedder is an implement that uses rotating tines that catch the hay as they are spinning, then evenly
distributes the hay over a larger area than the initial swath width. This can be viewed in Figure
2.5. This allows for the minimization of drying time after the forage or hay is cut, improving upon
the crop readiness for baling.

Figure 2-5. A tedder distributing hay from swaths while being pulled by off road vehicle.
Source: Holdmeyer, Frank. Hay Expo Useful Tool: Tedder. Wallaces Farmer, 2013
www.wallacesfarmer.com. Accessed on 07 March 2018
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As continued by Srivastava et al. (2006), once the hay or forage crop has been dried to the
appropriate moisture content, the crop must be raked into a windrow for baling purposes. There
are various designs of rakes that can be used, however the most common are Side Delivery Rakes
or Carted V Rakes with finger wheels. Rakes can be driven by the tractor Power Take-Off (PTO)
or by the rotation of the ground wheels. A Carted V Rake has finger wheels or parallel bars that
are placed in the shape of a "V," with the point of the V being furthest portion of the implement
from the rear of the tractor. The Carted V Rake uses the finger wheels to collect the crop into a
windrow at the point of the "V" at the rear end of the implement. This can be viewed in Figure 2.6.
Side delivery hay rakes use parallel bars or finger wheels to pile the crop into a windrow at one
end of the implement. See Figure 2.7. Once the crop has been raked into an appropriately sized
windrow, the crop can be baled.

Figure 2-7. Carted V hay rake with finger wheels
Source: Faster, Cleaner Raking with ProCart™
Deluxe Carted Wheel Rakes. Hoard’s Dairyman,
2011.

2.3.3

Figure 2-6. Side delivery hay rake with parallel bars
Source: Namuth Covert, Deana. Harvest Unit Part
3: Windrowing. CenUSA Educational Material,
2018.

Baling and Bale Types
Though it is possible to chop hay or leave hay in stacks after harvesting, the most common

method of harvesting hay is to bale the cut and dried crop. Round balers and rectangular balers
are the two most popular types of balers.
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Round bales, cylindrical in shape, are common form of hay or forage packaging. They are
commonly produced by using either a fixed geometry or a variable geometry round baler. These
types of balers can be viewed in Figure 2.8. Further discussed by Srivastava et al. (2006), a pickup
unit at the front of the implement is used to pick they hay or forage up into the baling chamber. In
a fixed geometry baler, the core of the bale typically has a lower density than the outer portions of
the bale, however in a baler with
variable
remains

geometry,

the

density

relatively

throughout the bale.

uniform
The crop is

collected into the baling chamber
until the bale reaches the desired
dimensions. The baling operation is
then

stopped

and

a

wrapping

mechanism is engaged to wrap the
Figure 2-8. Round Baler Geometry Types
Source: Srivastava, Ajit K. et al. Hay and Forage Harvesting.
American Society of Agricultural and Biological Engineers, 2006.

bale

appropriately

with

twine,

netting, or plastic as desired. The

operator will then typically move the tractor and baler in reverse for a distance of 6 meters, stop
and open the baler tailgate to release the bale, pull forward approximately 6 meters and close the
tailgate, then resume baling at the windrow. Also from Srivastava et al. (2006), When baling in
areas with hills or hazards, the placement of the bale is up to the operator’s discretion due to the
cylindrical shape of the bales and their tendency to roll on hillsides. The mass of a round bale
depends upon the moisture content of the crop as well as the dimensions of the baler.

2.4
2.4.1

Equations and Calculations for Vehicle Power and yield
Introduction to Power Requirement
As hay and forage is harvested, there is an impact on the power requirement of the tractor

based on the accumulated crop in the implement. From Srivastava et al. (2006), the following
should be considered in the power requirements used to operate a large round baler: PTO power
and drawbar power. As further described in ASABE EP496.2 Standard (1999), the power
requirement of a vehicle depends upon the losses occurring from the PTO output, the drive wheels,
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and the hydraulic system. Assuming the hydraulic power requirement for the vehicle remains
consistent throughout the field, the power requirements of interest are those from the PTO output
and the drive wheels.

The PTO output loading would be expected to increase with the

accumulation of hay in the baler. The drive wheel power requirement depends on the slip of the
drive wheels on soil surfaces and drawbar power. Because the soil surface over the area of the field
was assumed to be constant, the change in wheel drive power required would be due to a change
in drawbar loading (or elevation change which can be evaluated in a method described below).
2.4.2

Estimate of Increased Power
An increased loading from accumulated hay in the baler would cause an increase in power

requirement due to PTO rotary power requirement and drawbar power requirement. A constant
yield across a field would produce a constant power increase throughout the development of each
bale from the tractor pulling and powering the baler. An estimate for the power difference required
due to accumulation of hay in the baler is as follows. This calculation was performed using ASABE
Standard D497.2 (2015).
Assuming the vehicle is not traveling on an incline, it is traveling across firm soil, the slip
is zero for both conditions, the vehicle is traveling at a ground speed of 2.7 km/h, the vehicle and
implement mass without crop in the baling chamber to be 7788 kg, and the vehicle and implement
mass with a full bale to be 8536 kg, Equation (1) is the estimated difference in power requirement
to move a vehicle with a full bale versus moving a vehicle without any crop in the baling chamber.
Px = MR * GS * (1000/3600)

(1)

Where:
Px = power requirement for vehicle x (x = 1 for the empty baling chamber, x=2 for full
baling chamber), kW
MR = calculated motion resistance, kN, and
GS = average ground speed, km/h
Using ASABE standard D497 (2015), the Equation (2) provides the calculated motion resistance
provided no slip is occurring and the soil is firm.
�� = �� ∗ (
Where:
TW = Total Weight of the Vehicle, kN, and

(
)*

+ 0.04)

(2)
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Bn = 55 for very firm soil conditions (ASABE, 2015)
For the vehicle traveling with an empty baling chamber, the power requirement was found to be
P1=3.33 kW, and the vehicle traveling with a full baling chamber required P2=3.65 kW. This
provided a difference in power requirement to be approximately 0.315 kW.
When the yield in an area of a field is lower than the rest of the field, the power requirement
will increase at a lower rate than if the yield were constant, and in the opposite case, when the
yield is greater in an area of the field, the power requirement will increase at a greater rate than if
the yield were constant across the field. Because of this relationship between the crop yield and
the power required to operate the implement and pull the implement through the field, given the
power requirement of the vehicle, it may be possible to calculate the yield over an area.
Though the relationship between yield and power requirement may seem direct, there were
other factors that provided an impact on the power requirement of the vehicle. One factor to be
discussed is the power requirement changing with regards to hillslope. From ASABE EP496.2
(1999), the angle of the hillslope can be considered in the motion resistance calculation as follows
in Equation (3).
�� = �� ∗ cos (�) + sin (� ) ∗ ��

(3)

Where:
RR = 0.06 for very firm soil conditions(ASABE, 1999), and
q = Angle of the slope, radians
This made it possible to compare the power requirement for a full baler traveling on flat,
unchanging topography to the power requirement for a full baler traveling on changing topography.
When compared to a path of travel with a positive 10-degree slope, a vehicle traveling across flat,
unchanging topography requires 0.56 kW less power, and when compared with a path of travel
with a negative 10-degrees slope, the vehicle traveling across flat, unchanging topography would
require 0.67 kW more power. Both of these differences are greater than the 0.315 kW difference
expected due to the accumulated hay in the baling chamber.
As the slope of a hill positively increased, the tractor will need to provide increased power
to travel up the hill due to the component of the vehicle and implement’s weight acting down the
hill. Also, as the vehicle travels downwards towards lower elevation, the tractor will not need to
provide as much power due to the forces of the weight of the baler "pushing" the tractor down the
hill. There were two methods used to determine the power requirement needed to ascend a hill in

13
the field. The first method was to calculate the fuel equivalent power for the baling data as well as
for the no-PTO load data, then subtracting the no-PTO load fuel equivalent power from the baling
fuel equivalent power. The second was to compare the percent engine loading from the baling data
collected to the no-PTO load data collected. This difference resembles the same comparison as
the first comparison, however it used a different recorded CAN message.
Fuel equivalent power was one of the CAN messages selected for comparison because of
its accuracy when recorded from the ISOBUS. Marx et al. (2015) described the proven accuracy
of the fuel consumption rate message by comparing the measured fuel consumption rate of the
vehicle with the calculated fuel consumption rate message sent across the ISOBUS. In this study,
a diagnostic connector was used to collect the data from the CAN bus. The engine speed and PTO
speed were varied throughout the tests performed, and the fuel flow rate was collected using a
mass flow sensor. Through the test measurements, it was found that both negative and positive
errors occurred. After performing statistical analysis on the results presented from both data
collection methods, Marx et al. (2015) concluded that there was not a significant difference
between the calculated fuel consumption rate recorded in the CAN messages and the measured
fuel consumption rate of the test. This validated that the fuel consumption rate messages provided
by the CAN bus were appropriate to be used.
2.4.3

Calculated Estimate for Fuel Equivalent Power
As a part of the analysis of the change in estimated power requirement due to slope

changes, the slope of the path in which the tractor is traveling must be calculated. The calculation
for slope can be viewed in Equation (4).
�=

89 :8;

(4)

<

Where:
m = slope of the terrain traveled by the equipment
z2 = altitude at the second position recorded, m
z1 = altitude at the first position recorded, m, and
d = calculated distance traveled positions one and two using Equation (5), m.
�=
Where:

( �? − �( ∗

(A,AAA CD
EA <FGHFFI

∗

(AAA D ?
)
( CD

+ ( �? − �( ∗

(A,AAA CD
EA <FGHFFI

∗

(AAA D ?
)
( CD

(5)
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x2 = latitude at the second position recorded, degrees
x1 = latitude at the first position recorded, degrees
y2 = longitude at the second position recorded, degrees
y1 = longitude at the first position recorded, degrees, and the latitude and longitudinal degrees
are converted to meters. (Louisiana Marine Education Resources)
As discussed by Goering (2003), one of the ways to determine the power requirement of a
vehicle is through the fuel equivalent power. Given that is the fuel consumption rate in liters per
hour is a CAN message that is available on most vehicle ISOBUS', Equation (6) was used to
calculate the fuel equivalent power. (Goering et al. 2003)
�LF( =

MN ON PQ
RSAA

(6)

Where:
Pfe1 = fuel equivalent power for baling operations, kW
qf = fuel consumption rate, L/h
ρf = fuel density, kg/L
Hg = gross heating value of the fuel in kJ/kg. This calculation is assuming the efficiencies
are relatively constant and unchanging over time. Table 2.1 provides various fuel types, their
densities, and gross heating values for this calculation.
Table 2-1 Fuel Properties, Source: Goering, Carroll E. et al. Off-Road Vehicle Engineering Principles. American
Society of Agricultural and Biological Engineers, 2003.
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As previously mentioned, the estimate of power requirement due to an increased
accumulation of hay was determined through comparing the baling data collected with the no-PTO
load data collected. By driving the vehicle and empty implement across the terrain without picking
up material, a rough estimate of the required power under no-PTO load conditions could be
determined given the CAN messages and further processing of the data. Comparing the data from
a baling operation to the data from a no-PTO load operation would provide an estimate for the
power requirement from both the fuel equivalent power and percent engine loading for the baling
operation without the terrain interference. Pfe1 was calculated to determine the fuel equivalent
power throughout the baling operations, and Pfe2 was calculated using Equation (6) as well,
however substituting the no-PTO load data collected for the baling data collected. To determine
PT1, Equation (7) was used.
�T( = �LF( − �LF?

(7)

Where:
PT1 = 1st estimate of power requirement due to increased hay accumulation in baling
chamber, kW.
2.4.4

Percent Engine Loading
The power requirement was also estimated through the use of the percent engine load CAN

message. The percent engine loading could be multiplied by the rated engine power for the vehicle
to determine the power requirement from percent engine loading, Ppel. This calculation can be
viewed in Equation (8).
�UFV = PEL ∗ �FH

(8)

Where:
Ppel = power estimate from percent engine loading, kW
PEL = recorded percent engine loading, %, and
Per = engine power rating, kW.
To calculate the estimated power requirement given the power requirement from the percent
engine loading of the baling data collected and the power requirement from the percent engine
loading of the no-PTO load data collected, Equation (9) was used.
�T? = �UFV( − �UFV?

(9)
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Where:
PT2 = 2nd estimate of power requirement due to increased hay accumulation in baling

chamber, kW
Ppel1 = power estimate from percent engine loading for baling data, kW, and
Ppel2 = power estimate from percent engine loading for no-PTO load data, kW.
The vehicle efficiency was not a factor in Equations (7) and (9). This was because the
efficiency was assumed to be constant from the collection of the baling data to the collection of
the no-PTO load data.
To map the yield over the field area, the overall mass of the bale would be proportionately
divided throughout the path followed to accumulate the hay for each bale, given the increase in
power requirement over that path. Generally, if the power requirement of the vehicle increased
more rapidly, a greater yield would be assigned to that area, and if the power requirement of the
vehicle increased less rapidly, a lower yield would be assigned to that area. The width for this
assigned yield was dependent upon the width of the rake path, which was 6.1 m. The GPS position
of the baling data would be used as the centerline for the yield to occur across with a 6.1 m
width. If the vehicle was driven in a direction in which the baler overlapped an area in which it
had already collected the crop, the yields calculated for each path would then be summed based
on GPS location. This would provide the yield for each area of the field at the resolution of one
data point per second.

2.5

Literature and State of the Art Review Conclusions
There were multiple areas of background information to research prior to starting this study.

The controller area network is the network for which electronic components communicate across
in an agricultural vehicle. An ISOBUS is a network consisting of one or more CAN’s. The ISO
11783 Standard is a voluntary standard that standardizes the hardware and communication aspects
of the CAN as well as the ISOBUS. As a part of the ISO 11783 Standard, there is a diagnostics
connector port in most agricultural vehicles to perform diagnostics and troubleshooting on a
vehicle. This port can also be used for data logging with a CAN enabled logger, such as the
ISOBlue2.0.
The ISOBlue2.0 is an open source CAN enabled logger that collects and shares data that is
shared across the ISOBUS to the Cloud via an LTE connection. Because of its ability to share
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data directly to the cloud, there is no responsibility for the user to manually transfer the data to a
place in which they will have access to it in the future. The setup of the ISOBlue2.0 is simple and
checking the functionality of the device can be performed by viewing the LED’s of the device or
the Where’s My ISOBlue web page.
The production process of hay was also reviewed in this research. In the harvesting process,
first hay is mowed and conditioned. It is then tedded to spread out the crop and allow for minimal
drying time. Once the crop has been dried to the desired moisture, it is then raked into windrows,
and baled. Variable geometry balers can be used for this process, and those balers produce bales
of constant density from the core of the bale to the outer diameter.
As the hay accumulates in the baling chamber of the round baler, there is an increase power
requirement of the vehicle pulling the round baler. The increased power requirement is due to
increase PTO power requirement, to spin the bale in the chamber while forming, and increase in
wheel drive and drawbar power requirement. Equation (4) to Equation (9) can be used to
determine the power requirement due to increase in hay accumulated in the baling chamber of the
round baler.
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CHAPTER 3.

3.1
3.1.1

DATA COLLECTION METHODS

Test Field
Test Field Conditions
The data for this work was collected in a field of approximately 2.8 hectares in Freeport,

Pennsylvania at the approximate coordinates of -79.685078 Longitude and 40.741257 Latitude.
The field used for testing has been used specifically for producing hay crop. The hay that has been
grown on this field was Reed Canary Grass, and after harvesting, the hay has been used as a feed
source for livestock. The field was selected for the variation in terrain that occurred throughout.
A field with hills was selected for this testing to allow for the development of a tool that would be
able to account for the engine power requirement due to a change in slope. From Table 4.1, the
range of elevation throughout the field ranged from 332 m to 352 m above sea level, which was a
20 m difference. The terrain of the field can be viewed in Figure 3.1, which is a screen capture of
the Light Detection and Ranging (LiDAR) slope change over the field provided by the United
States Geological Survey (USGS) National Map (2017), and Figure 3.2, which is a USGS National
Elevation Dataset (NED) elevation map. In the center of the field, along the West edge, the terrain
of the field has a slope of approximately 20 degrees that leads to the maximum elevation of the
field, which was approximately 350 m. Along the North to Northeast edge of the field, the field
maintains a slope of approximately 30 degrees as the elevation approaches the lowest measurement
for the field. Also, along the East edge of the field, there are two hills that require the vehicle to
change elevation relatively quickly, with slopes reaching up to 31.33 degrees. For the purpose of
incorporating elevation data into the analysis of the datasets, the United States Geological Survey
(USGS) Topography maps that were publically available for the test field were analyzed. Using
the USGS National Map Tool (The National Map, 2017), a GPS coordinate within the field
(40.7413 Latitude, -79.6851 Longitude) was entered into the search bar to determine what USGS
Topography maps were available for the area of interest. Both a USGS NED map and a USGS
LIDAR Point Cloud (LPC) were available for download for the field of interest (The National Map,
2017). The USGS LPC can be viewed in Figure 3.1, and the USGS NED raster dataset can be
viewed in Figure 3.2.
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Figure 3-1. USGS LiDAR slope for field of interest

Figure 3-2. USGS NED elevation map for field of interest
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The ISOBlue2.0 used for testing required an LTE connection through the AT&T Wireless
Carrier. After using the AT&T coverage map, which can be viewed in Figure 3.3 it was
determined that the test field had the appropriate 4G LTE coverage to allow for ISOBlue2.0 to
send data to the cloud. (Domestic Wireless Data Coverage, 2017)

Figure 3-3. Domestic Wireless Data Coverage Map for the area of interest

3.1.2

Test Field Historical Operations

Historically, the owner of the farm has used the following operation pattern for harvesting hay
in this field: mow the hay with a New Holland Discbine ® Disc Mower-Conditioner, ted the hay
after mowing to allow for time efficient drying, rake the hay into a windrow using a Carted V
Finger Wheel hay rake, and bale the hay using a variable geometry baler. The timeline of this
process for the test field has a minimum time span of three days, to allow for the proper drying of
the crop for baling.
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3.2
3.2.1

Vehicles and Implements
John Deere 5093E Utility Vehicle
There were two vehicles used for data collection in this work. The first vehicle was a John

Deere 5093E series tractor. It was used to complete the raking operation in the hay harvesting
process. From the John Deere 5093E Features and Specifications, this vehicle has a gross engine
power rating of 69.35 kW (93 hp) and is an "Economy" level model utility vehicle. D2 diesel fuel
was used as the fuel for this vehicle (density of 0.834 kg/L, and gross heating value of 45500
kJ/kg). This vehicle was not used for baling data collection because the ISOBUS of the John Deere
5093E utility tractor did not provide any PGN's to be recorded. The data that was provided from
the rake operation was the position of the vehicle and the ground speed of the vehicle; both were
provided by the GPS module of the ISOBlue2.0 used. A Carted V Rake was used to perform the
raking operation, which raked the crop into a windrow directly behind the vehicle that was pulling
the rake. The rake was rated to be able to pull in hay crop 3.048 m (10 ft) from both sides of the
center of the rake. This provided a windrow of crop that had been pulled from approximately a
6.1 m width (20 ft) in the field behind the direction of travel of the vehicle. The John Deere 5093E
vehicle can be viewed in Figure 3.4, as well as the Carted V Rake used for the raking operation.

Figure 3-4. John Deere 5093E Model Utility Vehicle and Carted V Rake
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3.2.2

John Deere 7320 Row Crop Tractor
The second vehicle used was a John Deere 7320 series tractor. This vehicle was used

throughout the baling operation as well as throughout the collection of the no-PTO load data for
power difference calculations. The John Deere 7320 series tractor was a 93.2 kW (125 hp) vehicle
that is considered a "Row-Crop" tractor. As described in the Nebraska Test Summary (2002) of
the vehicle, when providing an output power of 87.32 kW (117.1 hp) and engine speed of 2001
rpm, the fuel consumption rate of this vehicle has been determined to be 24.64 L/h (6.51 gal/h).
From the Tractor Data John Deere 7320 Overview (2015) the vehicle had a mass of approximately
5899 kg. D2 diesel fuel was used as the fuel for this vehicle. From Table 2.1 from Goering et al.
(2003), the D2 diesel fuel had a density of 0.834 kg/L, and a gross heating value of 45500 kJ/kg.
The John Deere 7320 series tractor was used for the collection of baling and no-PTO load data
because the ISOBUS of this vehicle was able to provide messages to the ISOBlue2.0 tool. The
messages that were available to be collected were as follows: engine load in percent, %, engine
speed in revolutions per minute, rpm, fuel consumption rate in liters per hour, L/h, hitch position
in percent, %, and rear power take off (RPTO) speed, rpm. The position coordinates in Latitude
and Longitude degrees as well as ground speed were provided by the GPS module of the
ISOBlue2.0.
3.2.3

John Deere 468 Round Baler

A John Deere 468 series baler was used for the hay collection. The tractor requirements for
the baler operation was a minimum of 48 kW (65 hp) PTO output power. From the John Deere
468 Round Baler Features and Specifications (2016) this baler was able to produce bales of 1.17
m width (3.8 ft) and approximately 1.83 m (6.0 ft) in diameter. The total bale mass of dry crop
that could be produced from this baler was approximately 748 kg, however the weight of the hay
bale can vary with varying moisture. The moisture of the crop was not recorded throughout the
data collection process. The mass of the baler without crop within the baling chamber was
approximately 1889 kg. The John Deere 7320 Row Crop Tractor and John Deere 468 Baler can be
viewed in Figure 3.5.
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Figure 3-5. John Deere 7320 Tractor and John Deere 468 Round Baler

3.3
3.3.1

Data Collection Tools
Android Tablet and Tracker App
Two devices were used to collect data throughout the

field operations. Throughout the mowing, raking, baling, and
no-PTO load data collection, an Android Tablet with a "CKT
Tracker App" that was developed by the Purdue OATS group
was used to record time, GPS coordinates, and altitude of the
vehicle at those points. A screen capture of the “home screen”
of the app can be viewed in Figure 3.6. It is important to note
that under the “Type” portion of the vehicle information page,
the type selected did not affect the data that was collected.
Selecting any of the three vehicle options would provide the
same data. This device was placed in a stationary position in
the vehicle, and collected data once the "OK" button was
pressed. The “recording” screen can be viewed in Figure 3.7,
again noting that the type of vehicle selected did not have an
impact on the data collected for this work. The data was logged
on the device throughout the operations, and when connected

Figure 3-6. Home Screen of CKT
Tracker App with vehicle options and
ID number.
Source: Zhang, Yaguang. Vehicle
Information. 2018
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to Wi-Fi it was possible to upload the data to a Google Drive for processing by OATS group
member Yaguang Zhang (2017), Purdue Graduate Research Assistant in the Department of
Electrical and Computer Engineering.
3.3.2

ISOBlue2.0

For the collection of baling and
no-PTO load data, ISOBlue2.0 was the
tool used to collect data from the
ISOBUS diagnostic port on the John
Deere 7230 row crop tractor.

As

discussed by Wang et al. (2017),
Figure 3-7. Recording Screen of CKT Tracker App
Source: Zhang, Yaguang. Vehicle Information. 2018

ISOBlue2.0 had the capabilities of

collecting all PGN's from the vehicle ISOBUS and transferring those messages to the cloud. The
data collection began once the vehicle had been started. This was due to the “Wake-On” feature
of the ISOBlue2.0 that “wakes up” the device when CAN messages are being transferred along
the ISOBUS. Once the data has been sent to the cloud, it could be manually pulled from the cloud
into Comma Separated Values (CSV) files. Though many PGN's can be obtained from the vehicle
ISOBUS, a significant portion of those PGN's are proprietary information that is of unknown
content. The following CAN data were of interest and available to be parsed from the Cloud by
OATS group member Yang Wang (2017), Purdue Graduate Research Assistant in the Department
of Electrical and Computer Engineering.
•

Epoch Timestamps

•

Latitude, decimal degrees

•

Longitude, decimal degrees

•

Ground Speed, km/h

•

Fuel Consumption Rate, L/h

•

Engine Speed, rpm

•

Percent Engine Loading, %
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3.4

Data Collection Methods Summary
The test field selected for this work was a field that had varying topography. The minimum

altitude of the field was 336 m and the maximum altitude of the field was 351 m. NED and LPC
maps were used to assess the topography changes throughout the AOI. The test field met the
appropriate cellular service coverage for the use of the ISOBlue2.0 tool. Historically, the test field
had been used for hay production. The hay harvesting process for that field historically was as
follows: mow and condition the hay simultaneously, ted the hay to allow for drying, rake the hay
into a windrow, and bale the hay into cylindrical round bales.
There were two vehicles used for data collection as well as one round baler. The first vehicle
was the John Deere 5093E utility vehicle. This vehicle did have an ISOBUS diagnostic port for
the connection of the ISOBlue2.0, however no CAN messages were available in the data recorded.
The second vehicle used for data collection was the John Deere 7320 row crop tractor. This vehicle
was used in conjunction with the John Deere 468 round baler. This vehicle did have the capability
of sharing CAN messages to the ISOBlue2.0, which were then shared to the cloud.
There were two data collection tools used with the vehicles. The tool used throughout all
operations, with the exception of tedding, was the Android tablet with the open source CKT
Tracker App. This app collected positioning data in the direction of Latitude, Longitude, and
Altitude. The other data collection tool used was the ISOBlue2.0. This tool was connected into
the ISOBUS diagnostic port on the vehicle being used. It collected the messages shared across the
ISOBUS, and shared those messages to the cloud.
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CHAPTER 4.

4.1
4.1.1

DATA ANALYSIS METHODS

Data Collection Process
Overview
Data collection occurred in two sessions for this work. Session One occurred from 15

September 2017 to 18 September 2017, and Session Two occurred on 29 December 2017. Session
One data collection involved the mowing, raking, and baling operations. Session Two data
collection involved the collection of the no-PTO load data.
4.1.2

Session One Data Collection
The correct setup procedures were followed to ensure both the ISOBlue2.0 device and the

CKT Tracker App were functioning correctly and collecting data before movement of the vehicle
began. For the raking operation, the ISOBlue2.0 device was connected to the vehicle's ISOBUS
diagnostic port, however the John Deere 5093E vehicle did not provide PGN's to be used for postprocessing. The ISOBlue2.0 was also collecting data throughout the baling operation. On the John
Deere 7320 vehicle's ISOBUS, each message was shared at a specific rate. The rate in which the
GPS location and ground speed messages were collected by the GPS module was approximately
one data point per second. The rate in which the fuel consumption rate messages were collected
was approximately 10 messages per second. The rate in which the percent engine load messages
were collected was approximately 50 messages per second. Lastly, the rate in which the engine
speed messages were collected was approximately 100 messages per second. The position of the
ISOBlue2.0 device in the vehicle can be viewed in Figure 2.3. The placement of the devices within
the vehicles remained the same throughout the operation being executed.
4.1.3

No-PTO Load/Session Two Data Collection
The correct setup procedures were followed to ensure both the ISOBlue2.0 device and the

CKT Tracker App were functioning correctly and collecting data before movement of the vehicle
began. The John Deere 7320 row crop tractor was driven through the field pulling the John Deere
468 round baler to determine the percent engine loading and fuel consumption rate required to
ascend and descend the topography without any PTO load or additional wheel drive requirement
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due to no accumulating crop in the baling chamber. The vehicle traveled at speeds ranging from
2.6 – 2.7 km/h and the engine speed remained relatively constant with the average speed being
2080 rpm. The vehicle was driven through the field in the approximate directions of the paths
followed during the Session One baling operation. Due to concern for ground compaction and
future crop damage, the number of passes driven across the field were limited to approximately
one pass in each direction across a terrain change in the field.

4.2

Raw Data Processing in MATLAB

4.2.1

Raw Data Description
After the data had been collected for each session, the data was pulled from the Cloud into

CSV files. As previously discussed, the following PGN's were of interest for processing and were
known to parse messages from the ISOBlue2.0 data in the Cloud:
•

Fuel Consumption Rate, L/h

•

Engine Speed, rpm

•

Engine Load, %

The GPS module provided data for the Latitude (decimal degrees), Longitude (decimal degrees),
and Ground Speed (km/h). Each file included a column for the epoch timestamp as well as columns
for the data collected. As previously mentioned, the messages of interest were sent at different
rates across the ISOBUS. As stated by Goering (2003), with ISOBUS message priorities, if a
message with a higher priority needed to be sent at a time in which a message of lower priority
was scheduled to be sent, the message of lower priority would not be sent until the next available
time. Because of this, there were some epoch timestamps in which messages of interest for this
study were not sent. For example, the engine speed message at the epoch timestamp 1505763004
was only sent across the ISOBUS 99 times, rather than at the 100 messages per second rate at
which the message was scheduled to be sent. These small variations in the number of messages
delivered per second occurred multiple times in each of the data sets collected.
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4.2.2

Data Alignment Requirements
Processing of the data required the concatenation of all data sets, for each session, into one

file based on epoch timestamp. In order to concatenate the datasets together, it was determined
that the start and end epoch timestamps for each dataset were the same. Because the message rates
differed between each dataset, aligning the message rates for each data set by averaging the data
values to produce one data point per second was required. This resolution was selected because it
was the lowest resolution produced in the data collection process. Also, at the average speed in
which the vehicle traveled throughout the formation of each bale, 2.7 km/h, the resolution of one
data point per second would provide a data point once every 0.75 m. After aligning the message
rates, if there were missing data points, e.g. the dataset's epoch timestamps included 1505765196
and 150576198 but not 1505765197, the missing data point values were interpolated. This
interpolation was performed on datasets (e.g. Fuel Consumption Rate, Percent Engine Load, etc.)
individually. For example, if the value for 1505765197 was present in the Fuel Consumption Rate
dataset but not in the Percent Engine Loading dataset, the values for this data point would only be
interpolated in the Percent Engine Loading dataset. Code was written in Matrix Laboratory
(MATLAB) to perform these operations.
4.2.3

Data Alignment Procedures in MATLAB
The following is a description of the data alignment procedures using Fuel Consumption

Rate as an example. For the Fuel Consumption Rate dataset, the total number of data points was
27800. The CSV file was read into MATLAB using the "csvread" function, to provide a twocolumn matrix of the data with one column the epoch timestamp, and the other column the fuel
consumption rate in L/h. The next step in the process of averaging the data to one data point per
second, or one data point per integer epoch timestamp, was building a matrix "k" for all of the
data points with the first epoch timestamp. Once the "k" matrix was constructed, the "mean"
function in MATLAB was used to determine the average value of the fuel consumption rate for
the epoch timestamp of interest. After the average value was calculated, the epoch timestamp
and the averaged value for the fuel consumption rate at the epoch timestamp of interest were
added into a new matrix "f1." This process was then iterated 27800 times, once for each integer
epoch timestamp in the Fuel Consumption Rate dataset, compiling all integer epoch timestamps
and the average values of the fuel consumption rates corresponding to those timestamps into the
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new "f1" matrix. In the next portion of the MATLAB script, the "f1" matrix was checked to
ensure all epoch timestamps were consecutive integers. If there was an integer epoch timestamp
that was missing between values, e.g. 1505765197 missing between 1505765196 and
1505765198, the epoch timestamp was added to the new matrix "ff1" after the previous epoch
timestamp, and the value for the fuel consumption rate was interpolated from the surrounding
two data points. The "ff1" matrix was constructed from the "f1" matrix and the interpolated
values for each missing integer epoch timestamp. After compiling the "ff1" matrix, the next
portion of the script checked the "ff1" matrix to ensure there were no duplicate integer epoch
timestamps in the dataset.
This process was followed for each dataset of interest provided by ISOBlue2.0. The
MATLAB code was similar for the processing of each dataset, however the number of data
points to be processed for each dataset differed, therefore the iteration numbers for each of the
loops in the MATLAB code changed to meet the needs of each dataset. The final matrices of
each individual dataset were as follows: g1 (GPS and ground speed), ff1 (fuel consumption
rate), er (engine speed), and el (percent engine load). Assuming all datasets began at the same
epoch timestamp, and ended at the same epoch timestamp, the datasets could now be
concatenated together. A final script was developed to create one matrix from all of the final
matrices, using the epoch timestamp from the GPS and ground speed dataset. The columns were
concatenated in the following order from column one to column seven: Epoch Timestamp,
Latitude, Longitude, Ground Speed, Fuel Consumption Rate, Engine Speed, and Percent Engine
Loading. This process was followed for the concatenation of both the Session One and the
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Session Two datasets provided by the ISOBlue2.0 device. The MATLAB script can be viewed
in Appendix B. An abbreviation of this procedure can be viewed in Figure 4.1.

Figure 4-1. MATLAB Processing Procedures

4.3
4.3.1

Data Processing in ArcMap
Adding CSV Data to ArcMap Layer
The ArcGIS software tool ArcMap was used for further processing of the data. As defined

by ArcGIS (2017), ArcMap is a software that has been developed to provide a space to view and
study geographical information system (GIS) datasets. To aid in the visual interpretation of the
data over the area of interest (AOI), a satellite image of the test area was added as the first layer of
the map. This can be viewed in Figure 4.2. It was then possible to add in the Session One and
Session Two CSV files using the "Add Data" feature in the "Standard" Toolbar of ArcMap. Once
the data was added to the map, it was plotted by using the "Display XY Data…" feature. In this
procedure, the X Field was selected to be the Longitude coordinates, the Y Field was selected to
be the Latitude coordinates, no Z Field was selected, and the GCS_North_America_1983
Coordinate system was selected as the Input Coordinates (ArcGIS, 2017). This created a layer of
data on the map, however the data then needed to be exported as a shapefile for further use. After
the shapefile of the dataset was created, the CSV file and original plotted data layers were removed
from the map. This procedure was followed to input both the Session One and Session Two data,
as well as the CKT Tracker App datasets.
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Figure 4-2. Satellite Imagery Added as base layer in ArcMap

4.3.2

Segmenting Datasets

4.3.2.1 Bale and Directional Bale Segments from Session One Dataset
After creating the Session One ISOBlue2.0 data shapefile, it was segmented into individual
shapefiles for each bale. The purpose of the segmentation of this shapefile was to decrease the
amount of data being processed at one time as well as to allow for better joining of data based on
spatial location. The dataset was segmented at the "second stop" of the vehicle for the release of
each round bale. As previously discussed, there were two stops for the ejection of a round
bale. The initial stop to change direction and move away from the windrow that was being
collected, and a second stop to eject the round bale. In the dataset, a stop was considered to occur
if the ground speed was less than 0.25 km/h. This was greater than 0 km/h due to the "wandering"
that occurred in the GPS coordinates provided by the GPS module when the vehicle was stopped
and the calculated speed by the GPS module in which the "wandering" occurred. The segmentation
of the Session One ISOBlue2.0 data in ArcMap for each bale can be viewed in Figure 4.3. When
travel direction changes occurred within the production of one bale, this created a need for the
further segmentation of the bale path shapefile to allow for the appropriate spatial join to occur
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later on in the procedure. For example, the Session One shapefile for Bale 10 had two changes in
travel direction. The Bale 10 shapefile was further segmented into B10LY where Y is the segment
number for the bale path in the specified travel direction, assigned in chronological
order. In Figure 4.4, it can be viewed that B10L1 is the first segment of bale path 10, which follows
a southern direction of travel, B10L2 is the second segment of the bale path, which follows a
northern direction of travel, and B10L3 is the third segment of the bale path, which follows a
southern direction of travel.

Figure 4-3. Session One Data Segmented into individual bales
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Figure 4-4. Session One Bale 10 Data Segmented into directional data

4.3.2.2 Directional Segments from Session Two Dataset
The Session Two ISOBlue2.0 data shapefile was also segmented into multiple shapefiles for
the appropriate spatial joining between the two sessions. The following procedure was followed
to segment the Session Two shapefile. First the Session Two shapefile was segmented based on
the direction of travel. At the point in which the travel direction of the vehicle changed, the
shapefile was segmented. This produced 16 segments of the shapefile. Segments 1 - 16, omitting
Segment 13, can be viewed in Figure 4.5. After the initial segmentation of the Session Two
ISOBlue2.0 data shapefile, the bale of interest from the Session One shapefile for which the join
would be occurring was displayed on the map. Once the bale path was displayed, segments of the
Session Two shapefile were selected to be further segmented based on the direction of travel of
the vehicle as well as the proximity to the bale path of interest. For example, for Bale 2, segments
one, two, and three were selected to be further segmented to meet the direction of travel and spatial
location of the Bale 2 path. The initial Session Two segments one, two, and three plotted with the
Bale 2 path can be viewed in Figure 4.6. Segments one and three were then divided into subsegments (Seg1_1, Seg3_1) to meet the length of the Bale 2 path. The final segments of the
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Session Two shapefile plotted with the path data for Bale 2 can be viewed in Figure 4.7. This
procedure was followed for the remaining nine round bale shapefiles.

Figure 4-5. Session 2 Data Directionally Segmented

Figure 4-6. Session Two Segments to be aligned with Session One Bale 2 Data
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Figure 4-7. Session Two Sub-Segmented to meet length of Session One Bale 2 Data

4.3.3

Merging Segments
Once the sub-segments of the Session Two shapefile had been created for each bale shapefile,

the sub-segments that correlated with each bale were merged together into one shapefile. In the
ArcMap "ArcToolbox," a tool called "Merge" was selected for use. As described by ArcGIS
(2017), when using this tool, the "Input Datasets" selected were the sub-segments of the Session
Two shapefile, the "Output Dataset" was titled "Session2_BaleX_Merge," where X was replaced
with the bale of interest. This added a shapefile to the map that included only the required portions
of the Session Two shapefile for the bale of interest. The Session2_Bale2_Merge shapefile can be
viewed with the Session One Bale 2 shapefile in Figure 4.8.
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Figure 4-8. Session Two Merged Data and Session One Bale Path

4.3.4

Spatial Join of Session Datasets
The joining of the Session One and Session Two datasets based on travel direction of the

vehicle and spatial closeness of the data points was required to perform the calculations as
described in Equation (6) to Equation (9). The purpose of joining these two datasets together based
on travel direction and spatial closeness was to be able to calculate an estimated difference for the
percent engine loading and fuel consumption rate at each data point between the vehicle pulling
an implement that was collecting crop and the vehicle pulling an implement not collecting crop.
After merging the sub-segments together for the bale of interest, each “merge” layer was then
joined with the corresponding bale using the "Spatial Join" tool in the "Analysis Tools" of the
ArcMap "ArcToolbox." For each "Spatial Join" operation, the "Target Features" were selected to
be the Session One bale shapefile of interest, the "Join Features" were selected to be the Session
Two merged shapefile for the bale of interest, the "Join Operation" was selected to be
"Join_One_To_One," and the "Match Option" was selected to be "Closest." (ArcGIS, 2017) The
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shapefile the data was joined to was the Session One bale shapefile because it was selected as the
"Target Features." The data to be joined was the Session Two merged shapefile, because it was
selected as the "Join Features." The "Spatial Join" tool only joined one Session Two merged
shapefile data point to one Session One bale shapefile data point because the "Join Operation" was
selected to be "Join_One_To_One." By selecting the "Match Option" to be "Closest," this joined
the data point of the Session Two merged shapefile that was the closest spatially located point to
the Session One shapefile data point of interest. The "Closest" option was selected because of
Waldo Tobler's 1st Law of Geography that states, "Everything is related to everything else, but
near things are more related than distant things." (ESRI, 2017) Once the Session One and Session
Two data were joined together, to be further referred to as the Sessions Joined Datasets, the
attribute table of the shapefile was displayed as can be viewed in Appendix C.
For bales that had been segmented due to travel direction changes, first, the spatial join was
performed between each Session One bale shapefile segment and the corresponding Session Two
shapefile segments or merges, then, the Sessions Joined Datasets for each segment of the bale were
merged together using the "Merge" tool in the ArcMap "ArcToolbox" as previously discussed.
4.3.5

Field Boundary
A field boundary layer was created in ArcMap as a polygon using the “Edit” tool, and was

added to the map to allow for cropping of added datasets to the coordinates of the approximate
boundary of the field. For example, this feature was particularly useful when adding the LiDAR
dataset to the map, due to the large size of the original LiDAR dataset. Because the environmental
field boundary was used to restrict the LiDAR data added to the map, only the required data was
included, which prevented the large dataset from slowing down the processing speed of the
software. The field boundary was added using the GCS_North_America_1983 coordinate system
provided by ArcGIS (2017).
4.3.6

Elevation Data Comparison and Selection
To calculate the slope change across the field using Equation (4), an elevation dataset was

joined with the Sessions Joined Dataset. As mentioned in Chapter 6, USGS NED and LPC maps
were added to the ArcMap file for analysis of the topography of the area of interest. Because of
the formatting of each of these files, they could not be joined with the Sessions Joined Datasets
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directly. These maps could however be used for comparison with the altitude data collected from
the Tracker App throughout the field operations. For the calculation of power requirement due to
the change of slope, it was the change of altitude between each data point that was important to
consider, not the actual altitude of the data point. Considering this aspect, as long as the elevation
data from the CKT Tracker App had the same approximate distance between the high points and
the low points of the field as the high points and the distance between the high points and low
points provided by the USGS NED and LPC maps, the Tracker App data would be sufficient for
slope calculations. In Table 4.1, the minimum and maximum altitudes of the collected data from
the CKT Tracker App, NED map, and LPC map can be viewed, as well as the distance between
the minimum and maximum altitudes for these datasets.
Table 4-1. Altitude Ranges for Each Elevation Dataset

Dataset
LPC
NED
Mow
Rake
Bale

Minimum
(m)
332
337
300
290
298

Maximum
(m)
352
352
316
321
324

Range
(m)
20
15
16
31
26

Source
www.viewer.nationalmap.gov/basic/
www.viewer.nationalmap.gov/basic/
CKT Tracker App
CKT Tracker App
CKT Tracker App

Based on this comparison, the altitude data collected throughout the mowing process had the
range most similar in size to those ranges of the NED and LPC maps. Another comparison of the
Tracker App data was performed by plotting the datasets in MATLAB, using Longitude as the X
coordinate, Latitude as the Y coordinate, and Altitude as the Z coordinate. Four separate plots
were made for the four sets of data collected by the CKT Tracker App. The four plots can be
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viewed in Figure 4.9. From these comparisons, the CKT Tracker App dataset collected during the

Altitude (m)

mowing operation was selected to provide the elevation data for the slope calculations.

Figure 4-9. 3-D Plots of CKT Tracker App location and altitude data

4.3.7

Spatial Join of Elevation Dataset
Before joining the Mowing Tracker App dataset to the Sessions Joined Datasets, the data

collected before the vehicle began moving was removed from the beginning of the dataset. Once
these data points were removed from the beginning of the dataset, the "Spatial Join" tool was used
again to join the Mowing Tracker App dataset to the Sessions Joined datasets. The same
procedures were followed throughout this process as were followed in the previous spatial join
procedure, however the "Target Features" were selected to be the Sessions Joined datasets for each
bale, and the "Join Features" were selected to be the Mowing Tracker App dataset. The datasets
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that contained the joined elevation data were then referred to as Sessions and Elevation Joined
datasets.
4.3.8

Exporting Datasets as CSV Files

After the Sessions and Elevation Joined datasets were created, it was possible to export the
datasets as CSV files from ArcMap. To perform this data export, the Sessions and Elevation Joined
dataset of interest was selected and its corresponding attribute table was opened. Within the
attribute table window, the "Options Menu" dropdown was selected, and within this menu, the
"Export…" option was selected. In the "Export Data" window, all options were left default except
for the "Output Table." In the "Output Table" section, the file the data was to be exported to was
selected, the name of the exported data was to be provided, the "Save as Type" option was changed
from "File and Personal Geodatabase tables" to "Text File," and the ".txt" extension added to the
end of the file name was changed to the ".csv" extension. This procedure was followed to export
all of the Sessions and Elevation Joined datasets.

4.4
4.4.1

Data processing and Plotting in MS Excel
Column Setup
The final processing and plotting of the data was performed in Microsoft Excel. When the

data was added into ArcMap, as well as when it was manipulated in ArcMap, there were additional
columns of "ID" values that were added to each of the datasets. These columns are indicated in
Figure 4.10. The removal of these columns was required for the minimization of irrelevant data
included in the datasets. For the future mapping of the data, only one set of GPS coordinates and
one epoch timestamp was required. Because of this, the epoch timestamp and GPS coordinates of
Session Two were removed from each dataset, as well as the GPS coordinates from the Tracker
App dataset. This provided a 12-column dataset, with the columns including the following data:
1. Epoch Timestamp from Session One
2. Latitude, Decimal Degrees
3. Longitude, Decimal Degrees
4. Session One Ground Speed, km/h
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5. Session One Fuel Consumption Rate, L/h
6. Session One Engine Speed, rpm
7. Session One Engine Load, %
8. Session Two Ground Speed, km/h
9. Session Two Fuel Consumption Rate, L/h
10. Session Two Engine Speed, rpm
11. Session Two Engine Load, %
12. Altitude, m
An example of this data table structure can be found in Appendix D.

Figure 4-10. Columns added by ArcMap Join and Merge Functions (red)

4.4.2

Calculations Performed
Next, the change of slope between each data point collected was calculated. To perform this

calculation, first, the distance between the two data points of interest was calculated in meters
using Equation (5). This was added as Column 13 to the dataset. Next, the change in altitude
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between the points of interest was calculated in meters (z2-z1 from Equation (4)) and was added as
Column 14 to the dataset. The slope between the two points was the determined using Equation
(4), and added to the dataset as Column 15.
To allow for analysis on the increase in power requirement throughout the baling operation,
calculations were performed with regard to the change in percent engine loading as well as the
change in fuel equivalent power between the sessions. In order to determine the change in percent
engine loading between the two sessions of data, Equations (8) and (9) were used. No filtering
occurred on the recorded datasets from the ISOBUS (not including the GPS Module Data). This
estimate of PT2 was added as Column 16 to the datasets. Equation (6) was used to calculate the
Fuel Equivalent Power (FEP) in kW for both sessions given the fuel consumption rates, with
Session One FEP added as Column 17 and Session Two FEP added as Column 18. The values
for ρf, the fuel density in kg/L and Hg, the gross heating value of the fuel in kJ/kg, were provided
in Chapter 2, given the use of D2 Diesel Fuel. The difference between the FEP from Session One
to Session Two was calculated using Equation (7). This was added as column 19 to the dataset.
It is important to note that the altitude measurement was filtered to reduce the noise in this
dataset. There were some points in which the dataset had drastic increases or decreases (2.5 m/s
difference or more) that were a result of the spatial join previously performed. These data points
were replaced with interpolated values from the data point that proceeded the extraneous value
and the data point that followed the extraneous value. This interpolation can be made due to the
previously referenced “Tobler’s 1st Law of Geography.”
4.4.3

Plotting for Analysis

The datasets were plotted using scatter plots, using the epoch timestamp as the "X" coordinate
for each scatter plot. The following plots were created for each bale dataset: [1] Altitude,
calculated power throughout baling data collection, and calculated power throughout no-PTO load
data collection, [2] Ground speed and engine speed, [3] Difference between baling and no-PTO
load power requirement, [4] Slope comparison with difference in power requirement (and fuel
consumption rate for bales 2-6 and 9-11). Plots 1, 2, and 4 have two vertical axes. Each plot has
the designated axis in parenthesis next to the values plotted. These plots can be viewed in Figures
5.1 – 5.59. After creating the plots, significant points in the datasets such as end of row turns and
maximum altitude were marked with specified markers to aid in analysis. There was a trendline
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added to the difference in power requirement plots, along with that trendline’s linear equation and
the r-squared value for the data around the trendline.

4.5

Data Analysis Methods Summary
Once the data was collected from the Session One and Session Two processes, there were

various post processing steps that were followed. First, the data structure was observed to best
plan the steps necessary for processing. The tools that were used to process the data were:
MATLAB, ArcMap, and MS Excel. The steps taken in MATLAB can be viewed in Figure 4.11,
the steps taken in ArcMap can be viewed in Figure 4.12, and the steps taken in MS Excel can be
viewed in Figure 4.13.
Another notable portion of these methods was the selection of the altitude data to be used in
post processing. There altitude data collected was first compared numerically to the NED and
LPC datasets. In this comparison, visible in Table 4.1, the mowing dataset provided the altitude
data range most similar to that of the NED and LPC datasets. The second comparison took place
in a MATLAB plot of the four altitude datasets. The mowing dataset again had the closest
resemblance to the actual topography of the field, therefore this dataset was selected to be used as
the altitude dataset.

Figure 4-11. Steps taken in MATLAB

44

Figure 4-12. Steps taken in ArcMap

Figure 4-13. Steps taken in MS Excel
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CHAPTER 5.

5.1
5.1.1

RESULTS AND DISCUSSION

Results
Round Bale Information
There were 11 bales produced from the baling operation of Session One. Of those 11 bales,

10 were of the dimensions 117 cm in width and 183 cm in diameter, and one bale, the final bale,
had the same width but a diameter of approximately 106 cm. For the purpose of exploring potential
of using CAN messages to ascertain forage yield, the mass of the dry crop bales produced at a full
dimeter of 183 cm was assumed to be consistent, with an assumed consistent mass of 748 kg. The
moisture content of the hay was assumed to be constant over the area of the field. Due to the
topography of the field, strategic bale placement was required when releasing the bale from the
John Deere 468 round baler. Because of this, the paths for bale release were not consistent,
however stopping of the vehicle did occur at the release of each bale.
5.1.2

Session 2 Data to Show Altitude Changes
Using Equations (1) to (7), the power requirement for Session 2 (no-PTO load) was

calculated and compared with the calculated power requirement using the ASABE standards
EP496.2 (1999) and D497.2 (2015); Table 5.1. The average power change was calculated for the
range of slopes provided from the altitude data. For example, for -5 to 0 degree slope changes, the
average power requirement was 0.26 kW for the fuel equivalent power values provided and 0.06
kW was expected. The values calculated for the average power change from fuel equivalent power
should represent the same changes viewed in the average power change from the ASABE
calculation. The data did not follow this trend as viewed in Table 5.1.
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Table 5-1. Comparison of recorded power and calculated power requirements for Session 2

Avg. Power Requirement
Slope (degrees) from Measured Fuel
Consumption Rate (kW)
(-20) to (-30)
(-15) to (-20)
(-15) to (-10)
(-10) to (-5)
(-5) to 0
0 to 5
5 to 10
10 to 15
15 to 20
20 to 30

5.1.3

-4.00
2.74
3.66
0.18
0.26
-0.52
0.28
0.07
-0.99
-3.48

Avg. Power Requirement
Estimate from ASABE
Calculation (kW)
-1.56
-0.83
-0.71
-0.30
0.06
0.20
0.44
0.79
0.87
2.08

Data Plotted in ArcMap
The data that was collected using the ISOBlue2.0 device and the CKT Tracker App on the

Android Tablet was plotted over the AOI using ArcMap. The data collected from the ISOBlue2.0
for the baling operation and the no-PTO load data can be viewed in Figures 5.1 and 5.2,
respectively. In Figures 5.1 and 5.2, the beginning of the paths of travel are indicated by the blue
color and the end of the paths of travel are indicated by the red color, as indicated in the map
legend. The CKT Tracker App data for the mowing, raking, baling, and no-PTO load operations
can be viewed in Figures 5.3, 5.4, 5.5, and 5.6, respectively. In Figures 5.3 to 5.6, the blue colored
data points indicate points of lower elevation, and the red colored data points indicate points of
higher elevation, as indicated in the map legend. Comparing Figures 5.1 and 5.5, the ISOBlue2.0
device did not collect accurate positioning data from the GPS Module for the formation of Bale 1,
as indicated by the arrow. This data was removed from the Session One ISOBlue2.0 dataset.
Comparing Figures 5.2 and 5.6, there was one area in which the ISOBlue2.0 device did not collect
accurate positioning data, as indicated with an arrow in Figure 5.2. This data was Segment 13 of
the Session One no-PTO load dataset, and was removed.
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Figure 5-1. Baling Operation ISOBlue2.0 Data

Figure 5-2. No-PTO Load ISOBlue2.0 Data
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Figure 5-3. Mowing CKT Tracker App Data

Figure 5-4. Raking CKT Tracker App Data
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Figure 5-5. Baling CKT Tracker App Dataset

Figure 5-6. No-PTO Load CKT Tracker App Data

50
5.1.4

Overview of Plots for Analysis
There were four plots created for each dataset for analysis. For each bale, the plots created

were as follows: [1] Altitude, calculated power throughout baling data collection, and calculated
power throughout no-PTO load data collection with the power calculated from the engine loading
message, [2] Ground speed and engine speed, [3] Difference between baling and no-PTO load
power requirement, [4] Slope comparison with difference in power requirement (and fuel
consumption rate for bales 2-6 and 9-11). There were altitude changes that occurred throughout
the formation of each bale and are described in the Sections 5.1.3 – 5.1.12. There were seemingly
random increases and decreases in the difference in power requirement for each bale, even though
the path followed throughout the collection of Session Two data was relatively close spatially to
the path followed throughout the collection Session One data. The Session One and Session Two
datasets were plotted together with altitude to show that the datasets follow similar patterns to each
other with the changing topography. As visible in the figures, the vehicle speed remained at
approximately 2.7 km/h throughout the formation of each bale, with the exception of Bale 6. The
engine speed remained relatively constant throughout the formation of each bale, ranging from
approximately 2050 rpm to 2150 rpm. There was a trendline added to the difference in power
requirement plots, as well as the linear equation of that trendline and the R-squared value of the
data around the trendline. The final plot where the change in slope and change in difference in
power requirement are visible allows for the comparison of the two values. In these plots for Bales
2-6 and 9-11, the difference in fuel consumption rate is also plotted. It should be noted that the
difference in fuel consumption rate follows a very similar pattern to that of the difference in power
requirement calculated from the percent engine loading.
5.1.5

Bale 2
Bale 2 took approximately 138 seconds (2.3 min) to form. As viewed in the Bale 2 altitude

and power plot, Figure 5.7, for approximately the first 79 seconds of travel, the altitude decreased
approximately 12 m. There was then an increase in altitude of approximately 5 m over the next
25 seconds of travel, followed by a decrease in altitude of approximately 8 m over the remaining
time. Figure 5.9 is a plot of the difference in power requirement for the formation of Bale 2. There
were large, seemingly random increases and decreases in the difference power requirement, even
though as measured in ArcMap, the Session Two path followed with empty baler conditions were
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consistently within 6 meters of the Session One baling path followed. The trendline of the
difference in power requirement had an R-squared value of 0.0001 and a slope of -0.0024. The Rsquared value was approaching zero, which in turn meant the variability of the data was too great
to be represented with the trendline, and there was not a visible increase or decrease in percent
engine loading due to the accumulation of hay in the baler over time. In Figure 5.10 is one of the
plots that includes the difference in fuel consumption rate, and this difference follows the same
trends of the difference in power requirement. The red colored data points that have been increased
in size represent the following significant occurrences in the travel of the vehicle in chronological
order: (1) Altitude Began Decreasing, (2) Altitude Began Increasing, (3) Altitude Began
Decreasing, and (4) Altitude Began Increasing.
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Figure 5-7. Bale 2 altitude and power over time
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5.1.6

Bale 3
Bale 3 took approximately 53 seconds (0.9 min) to form. As viewed in the Bale 3 altitude

and power plot, Figure 5.11, the vehicle reached a relative maximum altitude after approximately
3 seconds of travel, after approximately 17 total seconds of travel, the vehicle reached a relative
minimum altitude, and then for the remaining path traveled, the altitude increased over time. The
power requirements for both sessions followed similar paths of increasing and decreasing power
over time. Figure 5.13 is a plot of the difference in power requirement for the formation of Bale 3.
The trendline for this data had an R-squared value of 0.1263 and a positive slope of
0.1168. Though the R-squared value for this data is relatively low, the data does show a positive
trend over time. In Figure 5.14, the red colored data points that have been increased in size
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represent the following significant occurrences in the travel of the vehicle in chronological order:
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5.1.7

Bale 4
Bale 4 took approximately 114 seconds (1.9 min) to form. As viewed in the Bale 4 altitude

and power plot, Figure 5.15, the vehicle was traveling in the direction of increasing altitude for
approximately 85 seconds of travel, then it reached a relative maximum altitude and followed a
path of decreasing altitude for the remaining path traveled. The power for both sessions showed
increasing power until just before the maximum height of the altitude was reached, then the power
decreased, reaching a relative minimum at the relative maximum altitude. Figure 5.17 is a plot of
the difference engine power requirement for the formation of Bale 4. For this bale formation, there
were large, seemingly random increases and decreases in the difference in engine power
requirement, even though as measured in ArcMap, the Session Two path followed with empty
baler conditions was consistently within 8 meters of the Session One baling path followed. The
trendline of this plot had an R-squared value of 0.00115 and a slope of -0.0047. In Figure 5.18,
the red colored data point that has been increased in size represented the point in which the relative
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5.1.8

Bale 5
Bale 5 took approximately 193 seconds (3.2 min) to form. As viewed in the Bale 5 altitude

and power plot, Figure 5.19, for the first 18 seconds of travel the vehicle was traveling across
relatively unchanging ground with regards to altitude. The vehicle then traveled in the direction of
decreasing altitude for approximately 26 seconds before traveling in the direction of increasing
altitude for approximately 24 seconds. Another relatively low point was reached at approximately
96 total seconds of travel, to be followed by traveling in the direction of increasing altitude for
another 11 seconds. It is important to note that from the 165th second of travel to the 183rd second
of travel, the GPS location was not being accurately recorded by the ISOBlue2.0 module. The start
of this portion of the data is represented with the square data point that is red in color. Figure 5.21
is a plot of the difference in engine power requirement for the formation of Bale 5. The trendline
had an R-squared value of 0.0477 and a positive slope of 0.0277. Though the R-squared value for
this data is relatively low, the data does show a slightly positive trend over time. In the slope and
power comparison plot, the red colored data points that have been increased in size represent the
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following significant occurrences in the travel of the vehicle in chronological order: (1) Altitude
Began Decreasing, (2) Relatively Low Altitude Accomplished, (3) Relatively High Altitude
Accomplished, (4) Relatively Low Altitude Accomplished, (5) Relatively High Altitude
Accomplished, (6) Change in direction of travel.
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Figure 5-19. Bale 5 altitude and power over time
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5.1.9

Bale 6
Bale 6 took approximately 176 seconds (2.9 min) to form. As viewed in the Bale 6 altitude

and power plot, Figure 5.23, the altitude increased for the first 60 seconds of travel until it reached
the relatively high-altitude point of 316 m. The vehicle then traveled in the direction of decreasing
altitude for approximately 75 seconds. When the altitude began increasing, after 15 seconds of
travel, the vehicle made the second sharp turn, and again began traveling in the direction of
decreasing altitude. The Bale 6 ground speed and engine speed plot can be viewed in Figure 5.24.
Once the vehicle reached the appropriate speed of travel, it remained at that speed (3 km/h) for
approximately 90 seconds. The vehicle ground speed was then reduced to approximately 2.5 km/h
as the vehicle changed direction sharply and began to descend the hillside to an area of lower
elevation. The ground speed was again decreased as the vehicle made another sharp turn
approximately 2.5 min after the start of travel for Bale 6. After the turn was made, the ground
speed was increased slightly to approximately 2.5 km/h until the first stop of the bale release
procedure. Figure 5.25 is a plot of the difference in engine power requirement for the formation of
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Bale 6. The trendline for this plot had an R-squared value of 0.0313 and a positive slope of 0.0265.
Though the R-squared value for this data is relatively low, the data does show a positive trend over
time. The decrease in ground speed could have had an impact on the power requirement of the
vehicle, therefore the data previous to the ground speed reduction was plotted for analysis in Figure
5.26. The slope of the trendline for this plot has a lower valued slope than that of Figure 5.25. In
the slope comparison plot, Figure 5.27, the red colored data points that have been increased in size
represent the following significant occurrences in the travel of the vehicle in chronological order:
(1) Relatively high-altitude point, (2) Vehicle turn and Decreasing Altitude, (3) Vehicle Turn
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5.1.10 Bale 7
Bale 7 took approximately 525 seconds (8.8 min) to form. This bale took the longest
amount of time to form of all the bales in the collected data, however portions of the ground that
was traveled in the collection of hay for this bale had already been covered by previous bale paths.
The altitude variation for the formation of Bale 7 can be viewed in Figure 5.28. Because of the
long passes the vehicle took throughout the field throughout this operation, there were many
changes in altitude along the path that was followed as Bale 7 was formed. Figure 5.29 is the plot
of the ground speed and engine speed throughout the formation of this bale. The points on the plot
that have very low ground speeds, for example at the time of 130 seconds where the ground speed
was recorded to be 0.883 km/h, were points in which end-of-row turns were occurring. In Figure
5.31, the Bale 7 slope and difference in power plot, there is not a correlation between the difference
in engine power requirement and the time elapsed in the bale forming process.
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5.1.11 Bale 8
Bale 8 took approximately 260 seconds (4.3 min) to form. There were a large number of
altitude changes throughout the forming of Bale 8. These altitude changes can be viewed in Figure
5.32, which is the Bale 8 altitude and power plot. The highest altitude point reached was at
approximately 120 seconds after the start of the formation of Bale 8, and lowest altitude point
reached in the forming of Bale 8 occurred at approximately 218 seconds after the start of the
forward travel of the vehicle. As viewed in Figure 5.33, from approximately 200 seconds to 250
seconds of travel, the ground speed of the vehicle was reduced. This is because there were five
“end of row turns” that occurred over this time period to collect the hay that may have previously
been missed in the area. In the plot of the difference in power requirement between sessions one
and two, the trendline had an R-squared value of 0.0704 and a negative slope of 0.029. Though
the baler accumulated enough crop to form a bale, this increase in loading was not represented by
the data plotted in Figure 5.34.
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Figure 5-32. Bale 8 altitude and power over time
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5.1.12 Bale 9
Bale 9 took approximately 173 seconds (2.9 min) to form. Figure 5.36 is the Bale 9 altitude
and power plot, where the vehicle followed a path of increasing altitude for 56 seconds. The
altitude then decreased continuously, and an end of row turn was completed. The vehicle then
followed a path of increasing altitude until the time of 157 seconds, where a relatively high-altitude
point was reached, and the vehicle then began descending the hillslope until the completion of
Bale 9 formation. As viewed in the Bale 9 ground speed and engine speed plot, Figure 5.37, the
vehicle traveled at approximately 2.7 km/h, except for a portion of the path traveled between the
time of approximate 100 to 130 seconds. It is important to note between these timestamps, an end
of row turn was occurring, and required a reduced ground speed to be completed. The trendline
for Figure 5.38 had an R-squared value of 0.0187, and a positive slope of 0.019. In the slope and
power comparison plot, Figure 5.39, the red colored data points that have been increased in size
represent the following significant occurrences in the travel of the vehicle in chronological order:
(1) Start of End-of-Row Turn, (2) End of End-of-Row Turn.
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5.1.13 Bale 10
Bale 10 took approximately 215 seconds (3.6 min) to form. The change in altitude over
time with power is visible in Figure 5.40. The vehicle followed a path of decreasing slope until the
beginning of the first end-of-row turn. The vehicle then followed a path of increasing altitude for
approximately 78 seconds, then the altitude decreased for the 10 remaining seconds before the
second end-of-row turn was made. After the second end of row turn, the altitude positioning of the
vehicle slightly increased until 198 seconds, then decreased until the completion of the bale
formation. There were two end-of-row turns that were made throughout the Bale 10 forming
process. As visible in Figure 5.41, those end-of-row turns were completed over the following time
periods: 37 to 57 seconds (first end-of-row turn), 138 to 154 seconds (second end-of-row turn).
Over these two time periods, the ground speed of the vehicle was reduced for safety and
maneuverability of the vehicle. The trendline in Figure 4.42, the difference in power requirement
plot, had an R-squared value of 0.009, and a positive slope of 0.0091. Though this slope is slightly
positive, it did not show the expected gradual increase in engine loading over time due to the
increase in crop accumulated in the round baler. In Figure 4.43, the red colored data points that
have been increased in size represent the following significant occurrences in the travel of the
vehicle in chronological order: (1) Start of End-of-Row Turn One, (2) End of End-of-Row Turn
One, (3) Relative Maximum Altitude Reached, (4) Start of End-of-Row Turn Two, (5) End of
End-of-Row Turn Two, (6) Relative Maximum Altitude Reached.
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5.1.14 Bale 11
As previously discussed, at the completion of formation, Bale 11 had a diameter of
approximately 106 cm. This bale took approximately 79 seconds (1.3 min) to form. As viewed in
Figure 5.44, the altitude and power plot of Bale 11, the vehicle traveled a path of decreasing
altitude for approximately 32 seconds, or until the completion of the end-of-row turn, then
followed a path of increasing altitude for the next 19 seconds. There was then a decrease in altitude
until the 63rd second, then an increase in altitude for the remaining formation of the bale. Figure
5.45 was the ground speed and engine speed plot, where it is visible that the ground speed was
reduced to complete the end of row turn at 25 seconds. The trendline plotted in Figure 5.46, the
difference in power requirement plot, had an R-squared value of 0.0553, and a positive slope of
0.0764. It is visible from this plot that the percent engine loading slightly increased due to the
accumulation of hay in the baler. In Figure 5.47, the red colored data points that have been
increased in size represent the following significant occurrences in the travel of the vehicle in
chronological order: (1) Start of End-of-Row Turn, (2) End of End-of-Row Turn. It is important
to note in this plot that there is a large decrease in the Difference in Percent Loading as the end-
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5.2

Discussion
Throughout the Summary Plots for each bale, there are important patterns to note with

regards to the path traveled by the vehicle and the data that was collected. First, it is important to
note that as end-of-row turns were completed, the data that was collected by the ISOBlue2.0 varied.
This is visible as previously discussed at the end-of-row turn for Bale 11, but is also visible for the
end-of-row turns in Bales 10, 9, 8, 7 and 6. Throughout the formation of Bale 7, there were
approximately five end-of-row turns that were completed. This is one of the contributing factors
to the large amount of variation in the data collected throughout the formation of Bale 7. The
difference in engine power requirement depended on the accuracy of the data collected both in
Session One and in Session Two. The end of row turns in Session Two were only made at the
North and South ends of the field, as previously viewed in Figure 5.2.
The fuel consumption rate difference variation followed the variation of the difference in
engine power requirement. This shows that data collected from both the percent engine loading
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CAN message and the fuel consumption rate CAN message were output at appropriate values in
relation to each other. This can be viewed in the slope and difference in power plots of Bales 2,
3, 4, 5, 6, 9, 10, and 11. (Figures 5.10, 5.14, 5.18, 5.22, 5.27, 5.39, 5.43, and 5.47, respectively) A
potential reason why the fuel consumption rate difference and percent engine loading difference
may follow the same trend is because one may be calculated using the other. The accuracy of this
assumption is not publically known.
There was variation that occurred in the difference in engine power requirement data as the
vehicle followed a path of decreasing altitude. This can be viewed most in the altitude and power
over time plots for Bales 2, 6, 9, and 10 (Figures 5.7, 5.23, 5.36, and 5.40, respectively). The
variation in percent engine loading, fuel consumption rate, and further engine power requirement,
could be due to the weight of the crop accumulated in the baling chamber increasing the overall
load of the vehicle, reducing the amount of power required to move in a “downhill” direction. This
difference in force could have been one of the factors influencing the negative values produced for
the difference between the engine power requirements.
Throughout the formation of each bale, the engine speed was kept relatively constant at an
average of 2110 rpm. The speed of travel of the vehicle was maintained at approximately 2.7 km/h
throughout the formation of each bale, with the exception of Bale 6 after epoch timestamp
1505764175, where the vehicle traveled in the direction of decreasing altitude. The ground speed
was reduced throughout the completion of each end of row turn for the purpose of safety and
maneuverability. Because of the relatively constant ground speed and the constant engine speed
throughout the baling process, any increase in power requirement or engine loading from the
vehicle was due to an increase in the mass accumulated in the baler or altitude of the path traveled.
Though the difference in engine power requirement for the majority of the bales formed varied
throughout the forming of each bale, with R-squared values approaching zero for the trendlines, a
positive increase in difference in engine power requirement can be viewed in the plots for Bales 3,
9, and 11 (Figures 5.13, 5.38, and 5.46, respectively). Because the difference in engine power
requirement was calculated by Equation (9), this engine power requirement increase is due to the
accumulation of mass in the baler over time. The altitude and slope changes were accounted for
in this process by traveling over approximately the same altitude changes and slope paths with
approximately the same ground speed and engine speed in the no-PTO load dataset collection as
those of the path traveled in the testing dataset collection.
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When compared with the expected power requirement from Section 2.4.2 (0.315 kW), the
data did not clearly identify the expected trends of an increase in power for a variety of reasons.
One of those reasons could have been the accuracy of the Session Two data collected with regards
to its spatial orientation to the Session One datasets. If the Session Two data was not collected
accurately enough, the topography could still cause increases and decreases in engine power
requirement. Another potential reason for this increase to not be consistently visible in the data
could be that the Session Two data does not account for increased loading when traveling in a
direction of decreasing altitude. The increased loading of the hay would provide more force to
travel in the direction of decreasing altitude, therefore this needed to be accounted for in some
way.
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CHAPTER 6.

6.1

SUMMARY AND CONCLUSIONS

Summary
With regards to the objectives of this work, the data was parsed from the given data

collection tools, ISOBlue2.0 and CKT Tracker app. The data was also analyzed over the area of
the field, specifically fuel consumption rate, percent engine loading, and power requirement of the
vehicle. After plotting the data in MS Excel, it was apparent that the yield over the field of interest
could not be determined given the amount of variation in engine power requirement of the vehicle.
Both the percent engine loading and fuel consumption rate provided varying engine power
calculations throughout the span of the field. The positive trends from Bales 3, 9, and 11 (Figures
5.13, 5.38, and 5.46, respectively), were related to the increased loading due to hay accumulation
in the baling chamber, however these positive trends did not provide definite insight into where
greater or lower amounts of hay were accumulated due to increased or decreased yield.

6.2

Difference in Power Requirement
The John Deere 468 model baler had a minimum tractor PTO power requirement of 65 hp

(48 kW) for safe operation under normal loading conditions. The John Deere 7320 model vehicle
was able to supply a PTO power output of tractor 105 hp (78.3 kW). Under maximum loading
conditions of the baler, the percent power usage of the PTO would have been much lower than the
rated PTO power output of the vehicle. The mass of the bales produced was lower than the
maximum capacity of the baler with regards to mass because of the low moisture content of the
crop harvested. Because of this, the PTO power requirement of the baler would have lower than
the required power for maximum loading conditions. This in turn would require less PTO power
output from the vehicle. The percent engine loading differences calculated had a wide range of
values for the data collected, from -23% to 90% difference; however, those bales that did show an
increase in percent engine loading due to mass accumulated the maximum percent engine loading
was found to be approximately 25%. This was only a fourth of the power that the engine could
supply to the vehicle to perform an operation.
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There was only a small amount of filtering performed on the data to remove the extraneous
data at the ends of each bale as well as on the elevation data collected. Only three of the datasets
for the eleven datasets collected showed an increase in percent engine loading due to mass
accumulation of mass in the baler. This indicates that throughout this test, the data collected from
the ISOBUS of the vehicle varied too much to be used to show mass increase in the implement
being pulled by the vehicle. Due to the variation that occurred in the calculated difference in
percent engine loading, the yield calculations could not be performed for the data collected.
Discussion of future recommendations to allow for yield calculations can be found in Chapter 7.
The resolution of yield that could be provided by these results was that a bale was formed over a
specific area in a specific time. For example, the formation of Bale 3 took approximately 53
seconds traveling at 2.7 km/h (39.8 m), and the formation of Bale 5 too approximately 193 seconds
traveling at 2.7 km/h (144.8 m). There was a 105-m difference between the bale path lengths
between Bale 5 and Bale 3. Given that the density of the bales, the volume of the bales, and the
rake path widths were assumed to be constant, the area in which Bale 3 was formed over had a
greater yield than the area in which Bale 5 was formed over, with yields of 3.1 kg/m2 and 0.85
kg/m2, respectively.
A factor that could have had an effect on the variation in the calculated difference in percent
engine loading was the path traveled by the vehicle throughout the no-PTO load data collection.
As previously mentioned in Chapter 9, due to concern for ground compaction and future crop
damage, the number of passes driven across the field were limited to approximately one pass in
each direction across a terrain change in the field. Because of this, the path followed by the vehicle
in the Session Two data collection process was not the exact path that was followed by the vehicle
in the Session One data collection process. Though the terrain traveled in each path was relatively
similar, the differences in the terrain and altitude traveled between the two paths had an impact on
the difference in percent engine loading.
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CHAPTER 7.

7.1

RECOMMENDATIONS TO FOLLOW

Path of Travel
Improvements could be made to the procedures followed throughout this work to provide

more accurate results and therefore accurately use CAN data for forage yield monitoring. First,
traveling the exact path in the no-PTO load data collection process as was traveled in the testing
data collection process could significantly improve the accuracy in the calculation of difference in
percent engine loading. The John Deere 7230 vehicle used for the collection of data throughout
this work was not enabled with GPS guidance or steering capabilities. Using a vehicle with
guidance capabilities would allow for exactly the same path to be followed between sessions, with
minimal error due to real time kinematics (RTK). The vehicle would be driven through the field
as usual for the baling (testing) procedures, however for the no-PTO load data collection, the
vehicle would use GPS guidance and automated vehicle steering to follow the path recorded
throughout the baling (testing) process. This would provide the most accurate collection of test
and no-PTO load data for the comparison of percent engine loading.

7.2

Field Topography
The altitude changes and directional changes in the path of travel of the vehicle caused

variation in the data collected throughout the data collection sessions. Though many fields that are
used for forage production contain altitude changes and obstacles, there are also many that do not
have these features. For the purpose of development of this tool, collecting data on a field with
minimal topography changes and minimal obstacles would provide data with less variation. This
would nearly eliminate the factor of slope changes and engine loading due to the slope changes
from the data. It would allow for the initial development of the tool, to be able to determine the
yield map of a field without altitude changes, then the initial tool could be modified with further
research to be able to account for elevation changes and obstacles. Additionally, to ensure the
altitude is best accounted for, the use of high resolution LiDAR topography data may be more
reliable in providing altitude data than that provided by the CKT Tracker App.
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7.3

Power Output of Vehicle
The minimum PTO power requirement for the maximum loading of the baler used in this

test was 48 kW (65 hp), while the rated PTO power output of the John Deere 7320 vehicle used
was 78.3 kW (105 hp). This suggests a loading of approximately 62% under typical
conditions. Using the Generalized Grisso Model from Grisso et al. (2004), viewed in Figure 7.1,
the estimated fuel consumption rate using 0.62 ratio of equivalent PTO power to rated PTO power
would be 18.19 L/h. When compared with the fuel consumption rate of this vehicle at the standard
power take off speed, 25.29 L/h, provided by the Nebraska Test Report (2002), only 71.9% of the
fuel equivalent power of the vehicle was used. In future work, if a vehicle with a lower rated PTO
power output was used, e.g. one that had a rated PTO power output of 48 kW (65 hp), the change
in

loading

due

to

mass

accumulation in the baler would
be more prominent. This would
provide

additional

ease

in

calculating the increase in engine
loading due to accumulated mass
in the implement, and in turn
provide ease in calculating the
yield over a field of interest.

7.4

Figure 7-1. Generalized Grisso Model
Source: Grisso, R. D. et al. Predicting Tractor Fuel Consumption.
American Society of Agricultural Engineers, 2004.

Moisture Considerations
When harvested, the moisture of the crops can vary across a field. The moisture of a crop

also has an effect on the overall mass of that crop. This is an important factor to be considered
when using mass and loading to determine the yield of a crop. If it is not considered, the crop with
a greater moisture content will show a greater yield, even though there was not necessarily more
crop collected. In future work, the moisture of the crop collected throughout the field should be
measured and considered in calculations. The moisture content of the crop can either be measured
using a moisture sensor attached to the baler that would provide CAN messages to the ISOBUS,
or it could be measured in each bale with a moisture sensing probe. Using a moisture sensor
attached to the baler would provide a moisture reading of the hay entering the baling chamber over
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time, while the moisture probe could only be used to sample moisture at various points. Either of
these measurements could provide more insight into the overall yield of the crop when calculated
from the mass of the crop.

7.5

Usage of Load Cells
The baler used for this operation did not have a load cell feature that would record the mass

of the mass of the hay accumulated in the baling chamber. However, there are balers that contain
load cells that would be able to provide mass measurements across the ISOBUS. The mass could
then be collected on the ISOBlue2.0 tool, and used directly to calculate yield over the field of
interest, rather than using power requirement and engine loading calculations to determine
yield. This would eliminate the error due to altitude changes and directional changes. There
would potentially still be variation due to the accuracy of the data collected on the ISOBUS and
by ISOBlue2.0, however the field conditions would not have an impact on the mass measurements.

7.6

Data Refinement Throughout Data Collection
To further refine the data collected and to better adapt to topography changes, future work

could include the use of machine learning. If the mass of the vehicle and the implement when
empty was known, the power requirement for travel could be calculated throughout the data
collection process. Machine learning could be used to further refine this estimate throughout the
data collection process. This would eliminate the need for a second round of data collection,
attempting to maintain the same path as the baling path. Throughout this process, the slope of the
field could also be recorded and added to the calculations for refinement.

7.7

Open Source GIS Software
Throughout the data processing, the GIS tool ArcMap was used. This tool is not an open

source tool, and the licenses to use this tool can be relatively expensive. Examples of open source
tools that could be used to process the data via GIS would be QGIS, gVSIG, Whitebox GAT,
SAGA GIS, GRASS GIS, GeoDa, and OpenJump. This would allow for the spatial joining of data
without the purchase of expensive software. As previously mentioned, the intentions of this work

85
were to provide an open source to monitor yield. Using an open source GIS software would further
enable the solution to be open source.

7.8

Filter Difference in Power Requirement
As viewed in the difference in power requirement plots, there are some points in which the

data provides variation of around 20 kW for the difference in power required. These differences
have an impact on the formation of the trendline because of their effect on the regression model.
These very low or very high spikes in the data may be dominating the least squares regression of
the change in difference in power requirement over time. There can be work performed using
calculations to determine what the greatest feasible difference in power from second to second
could be, then using these as maximums for smoothing of the data. If the data were to be smoothed
to more realistic values, this could provide greater insight into the actual power requirement for
the accumulation of hay in the baling chamber.
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APPENDIX A. ISOBLUE2.0 BILL OF MATERIALS

Quantit

Item

Total

Vendor

Item

Part Number

y

Cost

Cost

Polycase

WC-Series Polycarbonate Enclosure

WC-39

1

$ 26.24 $ 26.24

Toradex

Ixora Carrier Board

01331000

1

$ 99.00 $ 99.00

Toradex

Apalis iMX6 Quad 2GB IT

00281101

1

Toradex

Apalis iMX6 IT Heatsink

23051000

1

$ 12.00 $ 12.00

Amazon

Edimax EW-7811UN WiFi Adapter

B003MTTJOY

1

$ 8.99

$ 8.99

Amazon

CR-1225 RTC Battery

B000S95RT2

1

$ 2.86

$ 2.86

Amazon

Samsung PM841 512GB SSD HDD Mini PCIe

B00T7N2A1I

1

Amazon

4G LTE Omni-directional Antenna

B00L62Y81S

2

$ 14.50 $ 29.00

Amazon

uFL to SMA Adapter

B01JKTTJ26

1

$ 8.99

$ 8.99

Amazon

SMA Jack to SMA Jack Sealed SMA connector

B00XXQ0224

2

$ 6.66

$ 13.32

Amazon

SMA Male to SMA Male RF Cable Coupler Adapter

B00AWF7CAY

2

$ 6.59

$ 13.18

Hardware
Enclosure

Computer
Module

$ 139.0 $ 139.0
0

0

$ 245.0 $ 245.0
0

0

LTE Modem

LEPCINAG703T70
DCS

LE910-NAG Mini-PCIe Modules

1

1

$ 95.00 $ 95.00

Navisys

Navisys GR-801W USB GPS Receiver

GR-801W

1

$ 49.00 $ 49.00

GPS

ISOBUS
Female
Adapter
571Mouser

ISOBUS Female Adapter

HD1091939PEB022

1

$ 11.19 $ 11.19

Mouser

ISOBUS Female Adatper Pins

571-0462-201-1631

9

$ 1.53

$ 13.77

Mouser

ISOBUS Adapter Panel Nut

571-2411-002-1805

1

$ 1.84

$ 1.84

Mouser

ISOBUS Adapter Lockwasher

571-2414-002-1886

1

$ 1.84

$ 1.84

Mouser

ISOBUS Adapter Cover

JDL082397

1

$ 4.14

$ 4.14

Mouser

ISOBUS Pin Sealing Plug

571-114017

9

$ 0.28

$ 2.52

Waterproof USB Connector - A Female

RR-111200-30

1

$ 14.50 $ 14.50

Waterprrof USB Cable - A Extension

RR-111220-06-39

1

$ 15.50 $ 15.50

571-HDC9-

Sealed USB
Adapter
USBFirewir
e
USBFirewir
e

90
USBFirewir
e

Gasket

RR-65154-00020

1

$ 0.29

$ 0.29

Hex Nut

RR-66154-00010

1

$ 0.95

$ 0.95

Seal Cap

RR-1C542122

1

$ 2.50

$ 2.50

Amazon

Weatherproof Junction Box

B00WQHTIUI

1

$ 12.19 $ 12.19

Amazon

USB Extension Cable 30 cm

B01EZQERTE

1

$ 4.99

$ 4.99

Amazon

Swivel Adjustable Angle USB 2.0 Male to Female Adapter

B010NWOLTU

1

$ 5.99

$ 5.99

Amazon

USB 3.0 Type A Male to Female Extension Cable 10 feet

B00C7SA21U

1

$ 7.99

$ 7.99

Amazon

Coleman Cable 18/6 Thermostat Wire

B00TRC50Z2

1

$ 20.30 $ 20.30

Amazon

Convoluted Tubing Flexible Wire Loom Harness 3.2m

B011QFTX7I

1

$ 8.49

Mouser

ISOBUS Male Adapter

571-HD16-9-1939S

2

$ 12.07 $ 24.14

Mouser

ISOBUS Male Adapter Pins

571-0460-202-1631

9

$ 1.40

$ 12.60

Mouser

ISOBUS Pin Sealing Plug

571-114017

9

$ 0.28

$ 2.52

AT&T

AT&T Unlimited Choice for Business

N/A

1

$60.00

$ 60.00

USBFirewir
e
USBFirewir
e
Miscellaneou
s Hardware

ISOBUS
Diagnostic
Cable

$ 8.49

Data Plan

$60 per month for one line. For 5 lines, it is $175 per month.
https://www.wireless.att.com/businesscenter/plans/unlimited.j
sp
TOTAL
COST

ISOBlue2.0

$969.83

Source: Yang, Wang. “Hardware Bill of Materials.” ISOBlue 2.0. Purdue Open Agriculture Technology and Systems,
www.isoblue.org/docs/bom.html. Accessed 03 March 2018.
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APPENDIX B. MATLAB SCRIPT

B.1

Working With GPS Dataset

%% Ensure the values in the GPS dataset are all iterative integers
%gps = 'gps2.csv'; %assign csv file to a variable
gps = 'gps3.csv'; %assign csv file to a variable (second session data)
g = csvread(gps); %read csv file
a = 1; %initiate a
g1 = g(a,:); %initiate g1 matrix (new matrix to include all missing values)
x = 0; %initiate x
k = [0,0,0,0]; %initiate k matrix
c = 1; %initiate c
d = 0; %initiate d
gg = 0;
while a <= 2770 % while a is below 2739, complete the following statements
a = a +1; %index a, a indexes the initial matrix
c = c +1; %index c, c indexes the new matrix
if g(a,1) <= g1(c-1,1)+1 %if the next new line of g is equal to the one
greater than the last line of g1
g1 = [g1; g(a,:)] ; %the new line of g1 is the current line of g
x = 0; %necessary to reduce the c value as the code loops
else %if they do not align...
b = g(a,1) - g1(c-1,1); %finds the difference between the current
line of g and the previous line added to the g1 matrix
x = 1; %indexes x because 1 is needed in the interpolation below
b = b+1; %indexes b to account for indexing x
while x < b %interpolates for each missing value
k = [k; g(a-1,1)+x, g(a-1,2)+(((g(a-1,1)+x)-g(a-1,1))*((g(a,2)g(a-1,2))/(g(a,1)-g(a-1,1)))),g(a-1,3)+(((g(a-1,1)+x)-g(a-1,1))*((g(a,3)-g(a1,3))/(g(a,1)-g(a-1,1)))), g(a-1,4)+(((g(a-1,1)+x)-g(a-1,1))*((g(a,4)-g(a1,4))/(g(a,1)-g(a-1,1))))];
x = x + 1; %indexes x to the next missing value
end %ends while loop
g1 = [g1;k]; %adds values of built k matrix to the g1 matrix to fill
in missing values
k = [0,0,0,0]; %re-initiates the k matrix
c = c + x - 1; %adds missing values to the c matrix to allow for
correctly comparing with original matrix
d = d +b; %how many extra rows are added, plus some
end %ends if statement
end %ends while loop
%% Deleting the Zero Rows from G matrix
a = 1;
while a<= 2818
if (g1(a,1)<=0)&(g1(a,2)<=0)&(g1(a,3)<=0)&(g1(a,4)<=0)
g1(a,:) = [];
a = a+1;
else
a = a+1;
end
end
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%% Removing Duplicates from G Matrix (new matrix g2)
a = 1;
while a <= 2813
a = a+1;
if g1(a,1)-g1(a-1,1)<=0
g1(a,:) = [];
end
end %the final gps matrix will be G1
%% Deleting the last row of g1 matrix
sz = size(g1,1); %creates a variable that is equal to the number of rows in
the matrix
g1(sz,:) = []; %deletes the last row of the matrix to allow for alignment
with the other matrices

B.2

Working With Fuel Consumption Rate

%% Calculate the mean values for each epoch timestamp in fuel
%fuel = 'fuel_rate1_2.csv'; %uncomment to create the fuel matrix for the
first session of data
fuel = 'fuel_rate3.csv'; %can load in various csv files to use as data values
f = csvread(fuel);
a = 1; % Iterates OG matrix
c = 1; % Iterates new matrix?
%f1 = [0,0]; %Initiates a matrix to put the averaged values into
k = [f(a,:)]; % The first row of k is equal to the first row of the OG matrix
a = a+1; % move to next new line of OG matrix
%First values for f1 matrix
while f(a,1) <= k(c,1) %while the new line of OG matrix is less than or equal
to 1st of 10 line of new matrix
k = [k; f(a,:)]; %this new line of f matrix with same epoch time is added
to the k matrix
a = a+1; %iterates to the next line of OG matrix
end
m = mean(k); %calculate the mean of the columns in the k matrix
f1 = m; %add the mean to the f1 matrix
%the rest of the values for the f1 matrix
while a<=27800
k = [f(a,:)]; %setting the k matrix equal to the next new epoch timestamp
while f(a,1) <= k(c,1) %while the new line of OG matrix is less than
or equal to 1st of 10 line of new matrix
k = [k; f(a,:)]; %this new line of f matrix with same epoc time is
added to the k matrix
a = a+1; %iterates to the next line of OG matrix
end
m = mean(k); %calculate the mean of the columns in the k matrix
f1 = [f1; m]; %add the mean to the f1 matrix
end
%% Filling in the Missing Values from Fuel
a = 1; %initiate a
ff1 = f1(a,:); %initiate g1 matrix (new matrix to include all missing
values)
x = 0; %initiate x
k = [0,0]; %initiate k matrix
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c = 1; %initiate c
d = 0; %initiate d
gg = 0;
while a <= 2800 % while a is below 2739, complete the following statements
a = a +1; %index a, a indexes the initial matrix
c = c +1; %index c, c indexes the new matrix
if f1(a,1) <= ff1(c-1,1)+1 %if the next new line of g is equal to the one
greater than the last line of g1
ff1 = [ff1; f1(a,:)] ; %the new line of g1 is the current line of g
x = 0; %necessary to reduce the c value as the code loops
else %if they do not align...
b = f1(a,1) - ff1(c-1,1); %finds the difference between the current
line of g and the previous line added to the g1 matrix
x = 1; %indexes x because 1 is needed in the interpolation below
b = b+1; %indexes b to account for indexing x
while x < b %interpolates for each missing value
k = [k; f1(a-1,1)+x, f1(a-1,2)+(((f1(a-1,1)+x)-f1(a1,1))*((f1(a,2)-f1(a-1,2))/(f1(a,1)-f1(a-1,1))))];
x = x + 1; %indexes x to the next missing value
end %ends while loop
ff1 = [ff1;k]; %adds values of built k matrix to the g1 matrix to
fill in missing values
k = [0,0]; %re-initiates the k matrix
c = c + x - 1; %adds missing values to the c matrix to allow for
correctly comparing with original matrix
d = d +b; %how many extra rows are added, plus some
end %ends if statement
end %ends while loop
%% Deleting the Zero Rows from FF1 matrix
a = 1; %using a to iterate through the matrix
while a<= 2800
if (ff1(a,1)<=0)&(ff1(a,2)<=0) %if the new line of the matrix has zeros
in both the 1st and the second column
ff1(a,:) = []; %remove this line of code
a = a+1; % iterate a to the next value
else % or
a = a+1; %iterate a to the next value, keeping the line of the matrix
end
end % the final matrix with all of the necessary values for fuel consumption
rate is ff1
%% Removing Duplicates from FF1 Matrix
a = 1;
while a <= 2813
a = a+1;
if ff1(a,1)-ff1(a-1,1)<=0
ff1(a,:) = [];
end
end %the final gps matrix will be FF1

B.3

Working With Engine Speed

%% Calculate the mean values for each epoch timestamp in Engine RPM file
%rpm = 'engine_speed1.csv'; %uncomment to create the fuel matrix for the
first session of data
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rpm = 'engine_speed3.csv'; %can load in various csv files to use as data
values
erpm = csvread(rpm);
a = 1; % Iterates OG matrix
c = 1; % Iterates new matrix?
%er1 = [0,0]; %Initiates a matrix to put the averaged values into
k = [erpm(a,:)]; % The first row of k is equal to the first row of the OG
matrix
a = a+1; % move to next new line of OG matrix
%First values for er1 matrix
while erpm(a,1) <= k(c,1) %while the new line of OG matrix is less than or
equal to 1st of 10 line of new matrix
k = [k; erpm(a,:)]; %this new line of f matrix with same epoch time is
added to the k matrix
a = a+1; %iterates to the next line of OG matrix
end
m = mean(k); %calculate the mean of the columns in the k matrix
er1 = m; %add the mean to the er1 matrix
%the rest of the values for the er1 matrix
while a<=278000
k = [erpm(a,:)]; %setting the k matrix equal to the next new epoch
timestamp
while erpm(a,1) <= k(c,1) %while the new line of OG matrix is less
than or equal to 1st of 10 line of new matrix
k = [k; erpm(a,:)]; %this new line of f matrix with same epoc time is
added to the k matrix
a = a+1; %iterates to the next line of OG matrix
end
m = mean(k); %calculate the mean of the columns in the k matrix
er1 = [er1; m]; %add the mean to the er1 matrix
end
%% Filling in the Missing Values from Engine Speed
a = 1; %initiate a
er = er1(a,:); %initiate g1 matrix (new matrix to include all missing
values)
x = 0; %initiate x
k = [0,0]; %initiate k matrix
c = 1; %initiate c
d = 0; %initiate d
gg = 0;
while a <= 2780 % while a is below 2769, complete the following statements
a = a +1; %index a, a indexes the initial matrix
c = c +1; %index c, c indexes the new matrix
if er1(a,1) <= er(c-1,1)+1 %if the next new line of g is equal to the one
greater than the last line of g1
er = [er; er1(a,:)] ; %the new line of g1 is the current line of g
x = 0; %necessary to reduce the c value as the code loops
else %if they do not align...
b = er1(a,1) - er(c-1,1); %finds the difference between the current
line of g and the previous line added to the g1 matrix
x = 1; %indexes x because 1 is needed in the interpolation below
b = b+1; %indexes b to account for indexing x
while x < b %interpolates for each missing value
k = [k; er1(a-1,1)+x, er1(a-1,2)+(((er1(a-1,1)+x)-er1(a1,1))*((er1(a,2)-er1(a-1,2))/(er1(a,1)-er1(a-1,1))))];
x = x + 1; %indexes x to the next missing value
end %ends while loop
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er = [er;k]; %adds values of built k matrix to the g1 matrix to fill
in missing values
k = [0,0]; %re-initiates the k matrix
c = c + x - 1; %adds missing values to the c matrix to allow for
correctly comparing with original matrix
d = d +b; %how many extra rows are added, plus some
end %ends if statement
end %ends while loop
%% Deleting the Zero Rows from ER matrix
a = 1; %using a to iterate through the matrix
while a<= 2780
if (er(a,1)<=0)&(er(a,2)<=0) %if the new line of the matrix has zeros in
both the 1st and the second column
er(a,:) = []; %remove this line of code
a = a+1; % iterate a to the next value
else % or
a = a+1; %iterate a to the next value, keeping the line of the matrix
end
end % the final matrix with all of the necessary values for fuel consumption
rate is er
%% Removing Duplicates from ER Matrix
a = 1;
while a <= 2780
a = a+1;
if er(a,1)-er(a-1,1)<=0
er(a,:) = [];
end
end %the final gps matrix will be ER

B.4

Working With Percent Engine Loading and Matrix Concatenation

%% Calculate the mean values for each epoch timestamp in Engine Load file
%enload = 'engine_load1.csv'; %uncomment to create the fuel matrix for the
first session of data
enload = 'engine_load2.csv'; %can load in various csv files to use as data
values
eload = csvread(enload);
a = 1; % Iterates OG matrix
c = 1; % Iterates new matrix?
%el1 = [0,0]; %Initiates a matrix to put the averaged values into
k = [eload(a,:)]; % The first row of k is equal to the first row of the OG
matrix
a = a+1; % move to next new line of OG matrix
%First values for el1 matrix
while eload(a,1) <= k(c,1) %while the new line of OG matrix is less than or
equal to 1st of 10 line of new matrix
k = [k; eload(a,:)]; %this new line of f matrix with same epoch time is
added to the k matrix
a = a+1; %iterates to the next line of OG matrix
end
m = mean(k); %calculate the mean of the columns in the k matrix
el1 = m; %add the mean to the el1 matrix
%the rest of the values for the el1 matrix
while a<=278000
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k = [eload(a,:)]; %setting the k matrix equal to the next new epoch
timestamp
while eload(a,1) <= k(c,1) %while the new line of OG matrix is less
than or equal to 1st of 10 line of new matrix
k = [k; eload(a,:)]; %this new line of f matrix with same epoc time
is added to the k matrix
a = a+1; %iterates to the next line of OG matrix
end
m = mean(k); %calculate the mean of the columns in the k matrix
el1 = [el1; m]; %add the mean to the el1 matrix
end
%% Filling in the Missing Values from Engine Load
a = 1; %initiate a
el = el1(a,:); %initiate g1 matrix (new matrix to include all missing
values)
x = 0; %initiate x
k = [0,0]; %initiate k matrix
c = 1; %initiate c
d = 0; %initiate d
gg = 0;
while a <= 2991 % while a is below 2991, complete the following statements
a = a +1; %index a, a indexes the initial matrix
c = c +1; %index c, c indexes the new matrix
if el1(a,1) <= el(c-1,1)+1 %if the next new line of g is equal to the one
greatel than the last line of g1
el = [el; el1(a,:)] ; %the new line of g1 is the current line of g
x = 0; %necessary to reduce the c value as the code loops
else %if they do not align...
b = el1(a,1) - el(c-1,1); %finds the difference between the current
line of g and the previous line added to the g1 matrix
x = 1; %indexes x because 1 is needed in the interpolation below
b = b+1; %indexes b to account for indexing x
while x < b %interpolates for each missing value
k = [k; el1(a-1,1)+x, el1(a-1,2)+(((el1(a-1,1)+x)-el1(a1,1))*((el1(a,2)-el1(a-1,2))/(el1(a,1)-el1(a-1,1))))];
x = x + 1; %indexes x to the next missing value
end %ends while loop
el = [el;k]; %adds values of built k matrix to the g1 matrix to fill
in missing values
k = [0,0]; %re-initiates the k matrix
c = c + x - 1; %adds missing values to the c matrix to allow for
correctly comparing with original matrix
d = d +b; %how many extra rows are added, plus some
end %ends if statement
end %ends while loop
%% Deleting the Zero Rows from el matrix
a = 1; %using a to iterate through the matrix
while a<= 2994
if (el(a,1)<=0)&(el(a,2)<=0) %if the new line of the matrix has zeros in
both the 1st and the second column
el(a,:) = []; %remove this line of code
a = a+1; % iterate a to the next value
else % or
a = a+1; %iterate a to the next value, keeping the line of the matrix
end
end % the final matrix with all of the necessary values for fuel consumption
rate is el
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%% Removing Duplicates from EL Matrix
a = 1;
while a <= 2813
a = a+1;
if el(a,1)-el(a-1,1)<=0
el(a,:) = [];
end
end %the final gps matrix will be EL
%% Create one Matrix
gferel = [g1(:,:),ff1(:,2),er(:,2),el(:,2)];
Fuel, Engine Speed, Engine Load

%Combines matrices for GPS,
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APPENDIX C. JOINED ATTRIBUTE TABLE FIGURE
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APPENDIX D. COLUMN STRUCTURE MS EXCEL
Time
Latitude Longitude GroundSpeFuelConsuEngineSpe EngineLoa GroundSp_1
FuelCons_ EngineSp_ EngineLo_ Altitude
1505765537 40.74067 -79.685
0.103
220 2184.752 31.23529
2.611 357.2864 2055.356
49
309.5
1505765538 40.74067 -79.685
0.057
218 2156.532 45.72549
2.611 357.2864 2055.356
49
309.5
1505765539 40.74067 -79.685
0.725
217 2151.946 56.05882
2.525 2095.723 2062.277
42
309.5
1505765540 40.74066 -79.685
1.091
218 2163.619 47.15686
2.525 2095.723 2062.277
42
309.5
1505765541 40.74065 -79.685
1.224
217 2152.819 52.2549
2.653 2482.036 2076.406
34
309.4
1505765542 40.74064 -79.685
0.904
217 2162.666 48.21569
2.653 2482.036 2076.406
34
309.4
1505765543 40.74063 -79.685
0.465
217
2152 53.54902
2.653 2482.036 2076.406
34
309.4
1505765544 40.74063 -79.685
0.287
216 2142.703 59.23529
2.653 2482.036 2076.406
34
309.4
1505765545 40.74063 -79.685
0.169
216 2138.02 63.17647
2.653 2482.036 2076.406
34
309.4
1505765546 40.74062 -79.685
0.197
212 2109.775 77.88235
2.564 2324.945 2080.205
32
309.4
1505765547 40.74061 -79.685
1.168
212 2106.854 76.13725
2.564 2324.945 2080.205
32
308.4
1505765548 40.74061 -79.685
0.603
217 2151.889 52.62745
2.564 2324.945 2080.205
32
308.4
1505765549 40.7406 -79.685
0.729
213
2113.3 75.15686
2.564 2324.945 2080.205
32
308.4
2.135
211 2098.965 85.86275
2.652 2034.036 2085.582
28
308.3
1505765550 40.74058 -79.685
1505765551 40.74056 -79.685
2.61
218 2164.436 47.92157
2.609 1798.982 2091.735
25
304
1505765552 40.74053 -79.685
2.767
217 2160.488 48.90196
2.678 1838.545 2090.705
25
304.2
1505765553 40.74051 -79.685
2.694
218 2166.522 45.4902
2.672 2052.655 2087.626
28
308.2
1505765554 40.74048 -79.685
2.744
218 2168.129 43.19608
2.665 2180.655 2084.493
30
308.1
1505765555 40.74046 -79.685
2.703
218 2169.55 42.27451
2.718 2323.782 2081.495
32
308.1
1505765556 40.74043 -79.685
2.812
219 2169.634 41.98039
2.685 2554.182 2076.98
35
304.7
1505765557 40.7404 -79.685
2.848
219 2173.027 40.45098
2.701 2612.364 2075.29
36
304.7
1505765558 40.74038 -79.685
2.763
219 2172.312 40.07843
2.691 2717.091 2072.708
37
307.5
1505765559 40.74035 -79.685
2.86
219 2172.859 39.92157
2.693 2251.636 2082.965
31
307.4
1505765560 40.74033 -79.685
2.794
219 2171.047 41.07843
2.717 2169.018 2083.797
30
304.3
1505765561 40.7403 -79.685
2.835
219 2170.847 40.82353
2.631 2199.273 2083.822
30
304.2
1505765562 40.74027 -79.685
2.736
219 2170.198 42.03922
2.673 2028.218 2087.832
28
306.7
1505765563 40.74025 -79.685
2.771
219 2174.676 39.19608
2.712 2000.291 2087.27
28
306.6
1505765564 40.74022 -79.685
2.685
219 2177.896 36.56863
2.662 2038.691 2086.354
28
306.5
1505765565 40.74019 -79.685
2.803
220 2179.431 35.31373
2.662 2038.691 2086.354
28
306.4
1505765566 40.74017 -79.685
2.801
220 2179.537 35.17647
2.633 2172.509 2083.698
30
303.2
1505765567 40.74014 -79.685
2.753
218 2169.96 40.60784
2.696 2351.709 2079.077
32
303.1
1505765568 40.74012 -79.685
2.725
219 2172.525 40.11765
2.807 2300.509 2081.347
32
303
1505765569 40.74009 -79.685
2.752
218 2165.74 43.94118
2.68 2476.218 2077.666
34
302.9
2.674
218 2164.609 45.31373
2.643 2409.891 2079.233
33
302.9
1505765570 40.74007 -79.685
1505765571 40.74004 -79.685
2.759
217 2155.834 50.54902
2.58
2419.2 2079.047
33
303.1
1505765572 40.74002 -79.685
2.842
217 2158.446 50.2549
2.705 2378.473 2080.584
33
303.4
1505765573 40.73999 -79.685
2.794
217 2158.73 49.70588
2.648 2352.873 2079.616
32
303.8
1505765574 40.73997 -79.685
2.777
217 2162.881
47.18
2.71 2356.364 2081.824
32
303.6
1505765575 40.73994 -79.685
2.681
218 2165.443 45.72549
2.668 2272.582 2081.601
31
303.4
1505765576 40.73992 -79.685
2.72
218 2164.129 45.37255
2.659 2230.691 2082.666
31
303.4
1505765577 40.7399 -79.685
2.548
218 2167.292 44.43137
2.697 2233.018 2084.101
30
303.4
1505765578 40.73988 -79.685
2.62
219 2171.151 41.68627
2.659 2212.073 2082.092
31
303.5
1505765579 40.73988 -79.6849
2.229
218 2168.693 41.72549
2.787 507.3909 2059.255
47
302.8
2.291
218 2168.631 43.54902
2.787 507.3909 2059.255
47
305.6
1505765580 40.73988 -79.6849
1505765581 40.7399 -79.6849
2.328
217 2156.646 49.7451
2.787 507.3909 2059.255
47
305.5
1505765582 40.73992 -79.6849
2.604
218 2165.074 46.64706
2.756 2839.273 2074.644
38
302.8
1505765583 40.73994 -79.6849
2.764
217 2154.587 51.60784
2.664 2515.782 2077.943
34
302.9
1505765584 40.73997 -79.6849
2.81
218 2166.54 45.90196
2.622 2387.782 2080.012
33
303.2
1505765585 40.73999 -79.6849
2.789
218 2169.77 42.52941
2.672 2398.255 2079.364
33
303.2
1505765586 40.74002 -79.6849
2.794
219 2171.384 40.94118
2.672 2398.255 2079.364
33
303
1505765587 40.74004 -79.6849
2.773
218 2169.683 41.92157
2.682 2513.455 2076.24
34
303
1505765588 40.74007 -79.6849
2.739
218 2163.332 45.35294
2.554 2670.545 2072.636
37
302.8

